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Background: Despite decades of smoking prevalence declines and more recent smoke-free 
indoor and outdoor air laws, smoking causes 400,000 preventable deaths and secondhand smoke 
(SHS) exposure leads to 40,000 deaths from respiratory and cardiovascular disease among non-
smokers annually. Built and social environment factors linked to smoking include tobacco 
retailer density and neighborhood poverty. Housing environments including multiunit housing 
are linked to SHS exposure and adverse health outcomes. 
 
Objectives: To investigate possible associations of different environmental factors with smoking, 
SHS exposure, and SHS-related health outcomes. 
 
Methods: Many data sources were used: New York City Community Health Survey, Department 
of Consumer Affairs, American Community Survey, Primary Land Use Tax Lot Output, and 
Health and Nutrition Examination Survey data. Ecological and multilevel models examined 
tobacco retailer density and neighborhood poverty associations with smoking prevalence and 
behavior, assessing for moderation by neighborhood poverty and housing environments. Logistic 
regression assessed associations between housing type and elevated SHS exposure as well as 





Results: Ecological analyses demonstrated a potential differential effect of economic strata on 
tobacco retailer density and neighborhood smoking and multilevel analyses found positive 
associations between neighborhood poverty and smoking behavior. Logistic regression found no 
adjusted associations between multiunit housing and SHS exposure, nor did SHS exposure 
mediate the housing and health outcome associations. 
 
Conclusions: Environmental factors contributed to smoking prevalence and behavior in NYC, 
while associations between housing, SHS and SHS-related health outcomes in non-smoking 
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Chapter 1: Introduction 
 
1.1. Tobacco Use, Direct and Indirect Consequences 
Smoking prevalence has been declining since 1965, yet smoking remains the leading cause of 
preventable death nationwide, responsible for over 400,000 deaths annually, and the mortality 
burden among smokers remains high.
1
 Exposure to environmental tobacco smoke (ETS) is 
responsible for upwards of 40,000 additional deaths among non-smokers annually.
2
 ETS 
exposure has been shown to cause adverse respiratory and cardiovascular outcomes, including 
lung cancer and cardiovascular diseases.
2-10





Research on secondhand smoke exposure among adults demonstrates a range of associations 
with different respiratory illnesses.  Causal associations exist between secondhand smoke 
exposure and respiratory tract injury, nasal irritation, as well as bother by the odor.
1
 Suggestive 
associations are demonstrated with: increased nasal irritation among those with previous 
respiratory illnesses or allergies; coughing, wheezing, chest tightening and breathing problems 
among those with and without asthma; worse chronic respiratory symptoms; increased adult-
onset asthma; worsening of asthma control; increased risk for COPD; and decreased lung 
function among asthmatics.
1
 The California Environmental Protection Agency has reported that 
approximately 200,000 cases of new and exacerbated asthma, 150,000 to 300,000 cases of lower 
respiratory illness and 800,000 cases of middle ear infections occur in children in United States 
annually, all due to secondhand smoke exposure.
1,15
 The evidence against secondhand smoke 





As with respiratory health outcomes, small doses of secondhand smoke adversely affects 
cardiovascular health consequences for nonsmokers. There are a number of intermediate 
outcomes preceding cardiovascular disease, and studies of short exposures to secondhand smoke 
suggest it can cause significant changes in platelet activation as well as endothelium vasodilation 
for non-smokers.
1
 Exposure to secondhand smoke increases vascular inflammatory marker blood 
levels, including white blood cells, C-reactive protein, homocystine and fibrinogen.
16,17
 
Secondhand smoke exposure impairs endothelial function in the interior lining of blood and 
lymph vessels, increases platelet activation and leads to initiation and progression of 
atherosclerosis.
16,17
 These effects usually go unnoticed among exposed individuals. 
 
Studies show a number of associations between secondhand smoke exposure and adverse mental 
health outcomes as well, but the causal or temporal links are not well determined.
18
 For example, 
one study shows that smokers with major depressive disorder are more likely to have increased 
dopamine release when smoking and those with more severe depression symptoms have greater 
dopamine release associated with smoking than those with less severe symptoms.
19
 This graded 
association suggests that smoking might assist in self-management of depression. Numerous 
cross-sectional studies have shown that exposure to secondhand smoke has been associated with 
worse physical, social, and mental health functions in both adults and children.
20-22
 More 
research needs to be conducted to assess whether these associations are causal by understanding 








1.2. Environmental Factors Associated with Smoking  
In recent years, legislation across the country has been enacted to restrict smoking in work 
places, including bars and restaurants, as well as outdoor areas such as parks and beaches, which 
has led to observed reductions in both smoking and ETS exposure and declines in adverse health 
outcomes attributable to the exposure.
23-25
 Policy or structural changes to the environment may 
continue to be an important avenue of intervention to further reduce smoking and secondhand 
smoke exposure. 
 
A large body of literature has demonstrated that the physical environment is an important 
determinant of individual health, including both the natural and the built environment. The 
natural environment comprises all living and non-living things that naturally occur on the earth 
such as the weather and natural resources, while the physical built environment comprises 
transformation of the natural environment by humans through agriculture or structural 
development including roads and buildings. The physical built environment can refer to specific 
neighborhoods, locations and types of housing, businesses and other structures within 
neighborhoods, all of which have been shown to influence individual health status both directly 
and indirectly through behavior change.
26-35
 Low quality housing environments may expose 
residents to a range of hazards such as unsafe drinking water, rodents and cockroaches, lack of 
appropriate waste disposal or food storage, overcrowding, dampness, cold, mold, poor 
ventilation, exposure to toxic metals, chemicals or other substances, as a potential direct causal 
mechanism. (Krieger, 2002; Matte, 2000)  Measures of poor quality housing include crowding, 








A small number of factors associated with the built environment have demonstrated potential 
causal links to tobacco smoking behavior. The most widely studied built environment factor 
linked to smoking is tobacco retailer density, where ecologic and multilevel studies demonstrate 
positive associations between tobacco retailer density and smoking prevalence and behavior.
36- 40
 
The association between retailer density and smoking prevalence remains positive after adjusting 
for socioeconomic and demographic distributions.
39-43 
One study showed that race/ethnicity 
modified associations between retailer density and smoking prevalence, with stronger retailer-
smoking associations in areas with a greater proportion of African-Americans.
37,44
 Tobacco 
retailer density may increase availability of tobacco products, or affect social norms around 




Another environmental factor, more social than physical, that is commonly shown to influence 
smoking is neighborhood income. Studies have shown that adults living in low-income 
neighborhoods are more likely to be smokers than those living in higher income 
neighborhoods.
45-49 
However, one study conducted in NYC found no association between 
neighborhood or individual income and smoking.
50
 Social norms around smoking, enforcement 
of smoking regulations, tobacco advertising, as well as individual-level factors such as 




1.3. Housing and Secondhand Smoke Exposure 
The home environment is another important source of potential exposure to tobacco smoke.  The 




are many times higher than those outside.
51
 Particulate matter less than 2.5 micrometers (PM2.5) 
are considered respirable particles that cause air pollution, and the largest source of indoor PM2.5 
is tobacco smoke.
31
 Environmental tobacco smoke is a complex indoor contaminant, affecting all 
types of housing.
1,52
 The small volume of air in the home strengthens delivery of indoor air 
pollutants, such as environmental tobacco smoke, compared with outdoors.
53
 Non-smoking 
adults in New York City have been found to have elevated levels of secondhand smoke exposure 
compared with non-smoking adult nationally, and this may be due to the overwhelming 
proportion of housing that is multiunit in NYC compared with nationally.
54-56 
Environmental 
tobacco smoke involves smoking-related activities within one’s own home and, for multiunit 
housing residents, the smoking-related activities of neighbors.  Studies have repeatedly shown 





More broadly, the home environment is a place that can sensitize, trigger, or worsen asthma 
among both adults and children, with environmental tobacco smoke being both a causal and an 




 Studies have shown that children 
living in poor quality housing are more likely to get sick than children living in higher quality 
housing, particularly with respiratory illnesses.
33
 Asthma rates were higher among children with 
low socioeconomic status compared with high socioeconomic status, and families with low 
socioeconomic status tend to live in lower quality housing.
51
 Many NYC communities have high 
asthma rates, and asthmatics were five times more likely to be living in public housing than non-
asthmatics.
31
 Evidence also demonstrates that home exposures also cause lower respiratory 







1.4. Gaps in the Literature 
Much is known about the health consequences of smoking, as well as mechanisms that support 
and encourage smoking behavior, however important gaps remain with respect to neighborhood- 
and housing-related causal influences on smoking and environmental tobacco smoke exposure. 
Large, densely populated urban settings have wide tracts of low-income neighborhoods that vary 
in their physical land use mix and housing composition.  No study has investigated the retailer-
smoking behavior relationship in such settings or across different low-income housing 
environments. For example, tobacco retailer density may vary across neighborhoods with a 
predominance of market-based housing versus those with a predominance of publicly supported 
housing. It may be that variability in the extent to which neighborhood income distributions and 
rents are affixed influences local businesses. Additionally, few studies have examined 
interactions between tobacco retailer density and neighborhood poverty, and results have been 
mixed in the studies that did assess such interactions.
40,61
 No study has examined the interaction 
in a densely populated urban environment or when accounting for housing environments.  
 
A recent study found that living in multiunit housing environments was significantly associated 
with elevated secondhand smoke exposure among children of non-smokers compared with those 
living in single-family housing.
27
 However no studies have examined the difference in 
secondhand smoke exposure among non-smoking adults across housing environments. 
 
The ability to look for relationships between environmental tobacco smoke exposure and 




parallel effects of indirect exposure. Environmental tobacco smoke exposure in the home appears 
associated with negative respiratory outcomes including asthma, increased emergency 
department visits and hospital admissions for respiratory diseases.
62-64
 Expanding the research to 
include the influence of housing type and environmental tobacco smoke exposure on 
cardiovascular disease and mental health would grow the existing literature around possible 
health consequences of exposure. 
 
1.5. Overview of the Dissertation 
1.5.1. Overall Goals 
The overall goals of the dissertation are three-fold: the first goal is to determine predictors of 
smoking prevalence from an environmental perspective using both ecological and multilevel 
analyses; the second goal is to better understand the relationship between multiunit housing and 
secondhand smoke exposure and whether housing is a possible causal mechanism for exposure 
among non-smoking adults; and the third goal is to assess whether the housing and secondhand 
smoke exposure associations lead to adverse health outcomes. 
 
1.5.2. Specific Aims 
Aim 1: Investigate the relationships between tobacco retailer density, neighborhood poverty, and 
neighborhood smoking prevalence and individual smoking behavior in NYC, and assess whether 
housing environment or neighborhood poverty moderates the retailer-smoking prevalence 
association. Hypothesis 1: Tobacco retailer density and neighborhood poverty will be positively 




on smoking in low income neighborhood and in neighborhoods with higher rates of multiunit 
housing than in higher income neighborhoods or those with less multiunit housing.   
1a: Investigate whether relationships between tobacco retailer density, neighborhood 
poverty, and neighborhood smoking prevalence vary by neighborhood poverty or 
across types of low-income neighborhoods (predominantly public versus private 
housing) using exploratory spatial analyses and Ordinary Least Squares (OLS) 
regression, adjusting for neighborhood socio-demographics (gender, age, education, 
race/ethnicity, and income) and population density, testing for moderation, and  
1b: Quantify the relationships between tobacco retailer density, neighborhood 
poverty, and neighborhood smoking, and assess variation across neighborhood 
poverty and housing environments, adjusting for socio-demographics, with measures 
of effect generated using Geographically Weighted Regression (GWR), to account for 
spatial non-stationarity   
1c: Assess the relationships between tobacco retailer density, neighborhood poverty, 
and individual smoking across neighborhood poverty and housing environments, 
using multilevel modeling and adjusting for neighborhood and individual level 
factors. 
 
Aim 2: Assess the association between housing type and cotinine level among non-smoking 
NYC adults. Hypothesis 2: Cotinine levels will be higher among adult residents of multiunit 
housing compared with residents in smaller buildings with fewer units, controlling for socio-




2a: Examine whether the association between housing type and cotinine level varies 
by gender, age, race/ethnicity, education or income (effect measure modification). 
2b: Reexamine the association between housing type and cotinine level using 
multilevel modeling (MLM) to adjust for environmental-level influences on the 
relationships that are not accounted for when conducting solely individual-level 
analyses by characterizing the amount of between-cluster variance and assessing the 
influence of neighborhood-level characteristics such as the population density and 
smoking prevalence, in addition to controlling for individual-level risk factors. 
 
Aim 3: Examine the independent associations between cotinine level and physical and mental 
health status among adult non-smokers, including: a) current asthma, b) cardiovascular outcomes 
(current blood pressure (BP) and coronary heart disease (CHD)), and c) current depression. 
Hypothesis 3: Levels of physical and mental health outcomes will be increased among those with 
higher cotinine levels compared with lower cotinine levels, controlling for important socio-
demographic characteristics (gender, age, education, race/ethnicity, and income); 
3a: Estimate whether cotinine level is actually a mediator between housing type and 
physical and mental health status. 
 
1.6. Organization of the Dissertation 
The dissertation is organized into five chapters, this introduction and four other chapters. Chapter 
2 uses ecological and multilevel analyses to assess predictors of neighborhood and individual 
smoking prevalence (aim 1). The predictors include tobacco retailer density and neighborhood 




and living in multiunit or New York City Housing Authority housing. Chapter 3 shifts focus to 
secondhand smoke exposure and whether housing type, specifically multiunit housing, may be 
causally associated with secondhand smoke exposure among non-smoking adults (aim 2). 
Chapter 4 expands the analyses in Chapter 3 to determine whether cotinine exposure is 
associated with adverse health outcomes and whether cotinine is a mediator of the housing and 
health outcome association (aim 3). Chapter 5 summarizes findings from Chapters 2-4 and 
discusses strengths and limitations of the studies. The dissertation concludes with policy 
implications and future research directions. 
 
1.7. Significance of the Dissertation 
The dissertation is significant because it assesses the relationships between a unique array of 
neighborhood and housing-specific factors and tobacco-related outcomes, including smoking, 
secondhand smoke exposure, and secondhand smoke-related adverse health outcomes. 
Additionally, these studies use data collected in a highly densely populated urban environment, 












Chapter 2:  The Influence of Tobacco Retailer Density and Poverty on Tobacco Use in a 
Densely Populated Urban Environment 
 
2.1. Introduction 
The widespread use of multilevel modeling (MLM) statistical approaches has allowed 
researchers to identify a growing number of associations between neighborhood-level constructs 
and individual smoking behavior.
1-9
 The most common neighborhood construct correlated with 
smoking has been neighborhood income.  In mostly cross-sectional studies, a large body of 
research has shown that adults who live in low-income neighborhoods are more likely to be 
smokers than those living in higher income neighborhoods.
2-6 
This has been observed in the 
overall population and separately for men, women, black women, and whites. Some 
hypothesized mechanisms to explain these associations include differential social norms around 
smoking, enforcement of smoking regulations, density of tobacco advertising, as well as 
individual-level factors such as psychosocial stress.
2-6 
We identified only one study that found no 
association between income and smoking.  Galea et al. used multilevel logistic models to assess 
associations between neighborhood median income and individual income and smoking in New 
York City (NYC), adjusting for individual level socio-demographics, and found no association 




Other commonly studied environmental constructs have included neighborhood density of 
tobacco retailers as well as distance to tobacco retailers.  A number of cross-sectional studies 
have demonstrated positive associations between tobacco retailer density and smoking.
7-10
 One 
study examined this association using aggregate data in an ecologic framework.
10




employed multilevel modeling, adjusting for potential individual-level confounding associated 
with selection into certain neighborhoods.  Both types of studies have consistently found that 
tobacco retailer distance and density are positively associated with individual odds of smoking or 
smoking prevalence, however some of these results attenuated to non-significant associations 
after adjustment for socio-demographics, in particular neighborhood income.
7-9
 Others have 
found that neighborhood socio-demographic status and tobacco retailer density were each 
independently associated with smoking
7
 and still some studies suggest that socio-demographics, 
such as income or race/ethnicity, modified associations between retailer density and smoking 
prevalence.
7,8,11 
Reid et al. found that tobacco retailer-smoking associations were stronger in 
areas with a greater proportion of African-Americans.  
 
To date, published analyses of the relationships between retailer density, socioeconomic factors 
such as poverty, and smoking have used a variety of study designs and statistical approaches, 
including aggregate ecologic analyses and multilevel logistic or poisson models to account for 
clustering and adjust for neighborhood or individual-level confounding.
7,9,10
 To our knowledge, 
none of the studies examining the impact of tobacco retailer density on individual smoking 
behavior have been conducted in a highly densely populated urban area like NYC, where the 
respective residential and retail locations might have clustered spatial patterning, nor have they 
assessed whether retailer-smoking associations vary across certain types of urban neighborhoods. 
For example, none have attempted to account for spatial non-stationarity. Spatial non-stationarity 
occurs when model coefficients are not fixed over space, and associations fluctuate based on 
location.
12,13
 Spatial non-stationarity might be caused by having a mis-specified model, sampling 




be drawn, standard errors may be overestimated and global regression estimates may over or 
underspecify estimates across spatial locations. 
 
A few studies have examined variability in these associations across rural/urban settings, with 
mixed results. In a national study assessing predictors of tobacco retailer density, living in an 
urban compared with rural environment and higher poverty neighborhoods were both associated 
with greater retailer density.
14
 Living in an urban environment did not modify the poverty-
tobacco retailer density association.
14
 Multiple studies focused on how urbanicity affects 
smoking prevalence. One study demonstrated a non-significant positive association between 
living in an urban environment (Chicago, Illinois, and Chicago suburbs) and smoking compared 
with living in a small town/rural area.
2
 Another study included urban vs. rural and crowded vs. 
not crowded housing in adjusted analyses of the area-predictors of smoking among women and 
found that both covariates were non-significant in adjusted analyses.
6
 These studies show 
positive associations between living in an urban environment and tobacco retailer density, yet 
limited difference in smoking prevalence across urban vs. rural jurisdictions. 
 
Few studies have performed detailed analyses of neighborhood predictors of individual smoking 
behavior taking into account nuanced variability in densely populated urban environments. 
Indeed it is plausible that the association between tobacco retailer density and smoking might be 
modified by type of housing environment within a neighborhood or other factors that capture 
variability in how residents interact with tobacco retailers, as has been demonstrated with alcohol 
retailer density.
15-17
 One study found that land use moderated associations between alcohol outlet 




alcohol outlets and assaults in neighborhoods with a higher proportion of public housing than 
with multiunit housing.
16
 Another study of alcohol outlet density and alcohol-related assault 
created non-contiguous neighborhood clusters based on various factors including percent public 
housing and other factors, and four out of five clusters demonstrated significant associations 
between outlet density and violence.
17
 While few, these studies indicate that multiunit and public 
housing land use may modify associations between environmental factors and health behaviors 
in different directions.  
 
With over 9,000 tobacco retailers exposing New Yorkers to tobacco purchasing opportunities, 
extensive and granular data on smoking, and a context of wide variability in housing 
environments, New York City offers an opportunity for researchers to examine urban 
environmental influences on smoking. This study assessed the association between two key 
environmental factors, tobacco retailer density and neighborhood poverty, and smoking, as 
measured by neighborhood smoking prevalence and individual-level smoking behavior in NYC, 
including possible effect modification of the tobacco retailer density-smoking association by 
neighborhood poverty and by differing housing environments (using percent of multiunit or 
public housing).  Analyses accounted for spatial non-stationarity in the ecological analyses and 
for neighborhood clustering in the multilevel analyses. 
 
2.2. Conceptual Framework 
Measuring the influence of neighborhood poverty and tobacco retailer density on smoking 
prevalence taking neighborhood and individual socio-demographic composition factors or 




factors collectively impact behavioral health outcomes in an ecological and multilevel analysis. 
This can be represented by the social ecological framework, which incorporates both individual 
and various environmental levels (i.e., individual, interpersonal and household environments, 
local or organizational environments (school/work), community physical and social 
environments, and policy input levels), and focuses on common factors that exist across different 
environmental contexts.
18-23 
There are many examples of social ecological models, and the levels 
included vary somewhat based on the specific context.
23,24  
One such published example used the 
social ecological framework to investigate the multiple levels of influence supporting residential 
smoke-free housing policies: the interpersonal/household level asked about other household 
members or visitors who smoke, and level of difficulty in keeping others from smoking in the 
home; the organization level was represented by observations of housing characteristics and 
experiences with SHS exposure; the community level was represented by questions regarding 




We used the social ecological framework and explored the influence of neighborhood poverty 
and tobacco retailer density on smoking, as well as the influence of housing type and housing 
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2.3.1.Study Data and Measures 
Neighborhoods 
The NYC Community Districts (CD) were used as proxies for neighborhoods, as the smallest 
available disaggregation level for all data sets, based on the information available in the outcome 





Two smoking outcomes were examined. Neighborhood smoking prevalence was the outcome 
variable for ecological analyses and was defined as the percent of adult smokers per CD (Figure 
2.2a) based on aggregated self-reported individual smoking behavior among respondents from 
the 2011-2013 NYC Community Health Survey (CHS). The CHS is an annual cross-sectional 
phone survey on the health of NYC adults ages 18 and older, modeled on the Behavioral Risk 





Individual level smoking behavior was the outcome variable for the multilevel analyses using 
individual responses to smoking questions on the same CHS 2011-2013 survey. The standard 
measure of current smoking was created by combining the responses to two questions about 
smoking experience, ever smoking more than 100 cigarettes and now reporting smoking every 
day or some days. CHS data were weighted to adjust for the probability of selection as well as a 
post-stratification weight. The post-stratification weights were created by weighting the sample 
to the population of the CD neighborhood, by age, gender, and race. Responses were also 
weighted to account for the distribution of the adult population comprising three telephone usage 
categories, landline only, landline and cell, and cell only, using data from the New York City 





The NYC Department of Consumer Affairs provided the tobacco retailer listings for 2012 in 
NYC. There were 9,459 licensed tobacco retailers with valid NYC addresses that were geocoded.  
An additional 309 retailers were excluded due to invalid addresses and 19 retailers were 
excluded due to being located at local airports. Counts of tobacco retailers per CD were 
calculated and mapped (Figure 2.2b). The tobacco retailers were then converted into a statistical 
surface using a mathematical kernel function that weights tobacco retailers based on proximity, 
so that closer retailers were given a greater weight than more distant retailers, thus creating a 
weighted statistical surface to provide a measured value for tobacco retailer density at all points 
within NYC. This Kernel Density Estimate (KDE) for tobacco retailers measured the 




surface in the space surrounding each point and then aggregated the surfaces to provide a visual 
representation of the density of retailers. The kernel density bandwidth was assigned a radius of 
one mile. Sensitivity analyses were conducted using ¼, ½ and one mile radii in the KDE and the 
data were used to calculate their respective AICc’s via Geographic Weighted Regression (GWR) 
analyses assessing the association between the KDE of tobacco retailers and neighborhood 
smoking prevalence. The one mile bandwidth explained more of the variance, with a lower AICc 
measure than other radii tested. Additionally, one mile was found to be a reasonable walking 
distance for a tobacco retailer.
13
 KDE created a 50 m raster surface that represented tobacco 
retailer density in NYC instead of solely counting the number of tobacco retailers contained in a 
CD. This addresses a problem known as the edge effect, whereby retailers on the boundary of a 
neighborhood will only be represented in more standard analyses in the one into which they fall, 
whereas using KDE, retailers near a boundary line will be able to influence both geographies, the 
CD into which they fall as well as the neighboring one.
27
 KDE output estimates were converted 
into density per square mile scale for ease of interpretation in both the ecological and multilevel 
analyses.  
 
The percent neighborhood poverty for the ecological and multilevel analyses came from the 
2011-2013 Community Health Survey as the neighborhood percent of adults 18 and older below 
100% of the Federal poverty level (FPL). (Figure 2.2c)  
 
Covariates 
The 2009-2013 American Community Survey (ACS) data provided the population density for 




population of a census unit and dividing the population number by the size of the census unit.
28
 
Population density in this study was calculated by dividing the total ACS population of adults 
aged 18 and older by the Census square mileage per CD. A population density layer was created. 
(Figure 2.2d) The 2009-2013 ACS data was also used to provide the neighborhood percent of 18 
to 24 year olds for ecological analysis. 
 
Additional 2011-2013 CHS neighborhood variables considered as possible model covariates 
included percent female, race/ethnicity (non-Hispanic black, and Hispanic), and education 
(college graduate and higher) in the ecological analyses and the CHS individual level variables 
used in the multilevel analyses included race/ethnicity (non-Hispanic white, non-Hispanic black, 
Hispanic, non-Hispanic Asian, and non-Hispanic other) and age groups (ages 18 to 24, ages 25 to 
44, ages 45 to 64, and ages 65 and older).  
 
Multiunit housing and NYCHA housing were defined based on information extracted from the 
NYC Department of City Planning’s 2012 NYC Primary Land Use Tax Lot Output (PLUTO) 
data set, a combination of land use and geographic data at the tax lot level. The PLUTO 
information was used to determine whether housing was multiunit or not using the number of 
residential units in the building. No standard definition for multiunit housing exists. The NYC 
Housing and Vacancy Survey considered three or more units multifamily, and that cutoff was 
used in this study.
29
 Additionally, buildings designated as public housing were determined based 
on the owner name variable that designated them as NYCHA. Two layers representing housing 
by CD were created using PLUTO: percent of multiunit housing (Figure 2.2e); and percent of 




multiunit housing layer was the percent of buildings in the PLUTO data set with three or more 
units, and the layer denominator was all buildings. The numerator of the NYCHA housing layer 
was the percent of buildings in the PLUTO data set labeled NYCHA and the denominator of the 
layer was all buildings. 
 
2.3.2.Statistical Analyses 
All data were aggregated and mapped at the Community District level. All maps were classified 
using Jenks Natural Breaks. As predictors of the smoking prevalence, tobacco retailer density 
and neighborhood poverty were mapped. Population density and housing environments, 
characterized as either multiunit housing, or NYCHA housing, were also mapped.  
 
Tobacco retailers were spatially assessed with KDE (Figure 2.3) and raster tobacco retailer 
estimates were aggregated up to the CD level using zonal statistics for regression analyses. Zonal 
statistics first aggregate and then statistically sum the raster values that fall within each CD, so 
that each one has an average value for the tobacco retailer density. This process ensures that all 
variables were at the same geographic unit of analysis.  
 
Exploratory spatial analyses provided visual and physical location perspective on the distribution 
of the data that shows additional associations not possible with typical epidemiological 
methods.
30,31
 The main exposures, tobacco retailer density and neighborhood poverty, were 
layered over the smoking prevalence layer, to allow for visual examination of the associations. 





Moran’s I tests whether data are clustered versus randomly distributed versus dispersed in space. 
This test was used to assess the distribution of the outcome variable, neighborhood smoking 
prevalence, to determine whether the data are clustered, as if they are not spatially random then 
another method of analysis may better represent the associations. 
 
Ecologic analyses 
Using aggregate neighborhood-level variables, Ordinary Least Squared regression (OLS) 
assessed the statistical effects of tobacco retailer density and neighborhood poverty on smoking 
prevalence in unadjusted and adjusted analyses; adjusted models included socio-demographic 
characteristics (age, sex, race, and education) and population density. Unadjusted models 
included a tobacco retailer-smoking model, a neighborhood poverty-smoking model, and a 
tobacco retailer and poverty-smoking model. A fully adjusted OLS model assessed the 
association of tobacco retailer density and neighborhood poverty on neighborhood smoking 
prevalence adjusting for population density and neighborhood socio-demographics such as age, 
race/ethnicity, sex, and education distributions. Then we assessed the potential for effect 
modification in all final models; we examined the interaction of tobacco retailer density and 
neighborhood poverty across all models, and we additionally examined interactions between 
tobacco retailer density and each housing variable in their respective models. Each of the models 
described above were repeated, adjusting separately for multiunit housing and NYCHA density. 
Since the majority of NYCHA housing is multiunit, NYCHA was examined separately to assess 
NYCHA-specific effects. Significant correlation between model covariates was assessed using 




of 7.5 or larger were removed from the models one at a time to determine the final adjusted 
models.  
 
Then the same models were evaluated with Geographic Weighted Regression (GWR) to account 
for locally varying spatial relationships.
13,30,32-36 
GWR conducts multiple local regressions, 
adjusting all of them with neighboring data for each point in the regression. GWR accounts for 
any spatial non-stationarity and lets the model vary locally, as the relationships may vary 
spatially.
32
 If there was significant correlation between GWR model covariates, diagnostic tests 
for multicollinearity were conducted and model were covariates were adjusted accordingly. 
Model “best fit” for the ecological analyses were determined using AICc, the best indicator of 





We then examined neighborhood-level influences on individual level smoking by constructing a 
series of multilevel models.  First, an empty model characterized the amount of neighborhood 
variability in smoking.  Next, we examined our main exposures and adjusted for neighborhood-
level factors as in the OLS and GWR models. Finally, we included individual-level socio-
demographic factors to reduce confounding. Level 2 neighborhood variables included tobacco 
retailer density, poverty, population density, multiunit housing density, and NYCHA housing 
density. Level 1 individual variables included smoking, age, race, sex, income, and education. 
MLM accounts for non-independence of observations within groups as well as the non-
independence of the errors, and accounts for correlations among level 1 variables that are nested 




correlation (pseudo-ICC) is calculated, by converting the individual variance from the 
probability scale to the logistic scale, since the outcome is a binary variable. 
 
The mapping, KDE, OLS and GWR were conducted using ArcGIS 10.0 and all other statistical 
analysis, including MLM, was conducted using SAS 9.2 and SUDAAN 11.0.1. 
 
2.4. Results 
2.4.1. Descriptive Findings  
The NYC smoking prevalence for 2011-2013 was 15.4%, with the CD-specific prevalence 
ranging from a minimum of 10.0% up to a maximum of 22.6%. (Figure 2.2a) While all Staten 
Island neighborhoods had a smoking prevalence above the citywide average, higher prevalence 
CDs tended to be concentrated in specific neighborhoods of other boroughs, including lower 
Manhattan and across Harlem in northern Manhattan, in most of the South and East Bronx, 
concentrated through North and South Brooklyn neighborhoods, and scattered across 
neighborhoods in Queens.  
 
The number of tobacco retailers per CD ranged from a low of 0 up to a high of 365. (Figure 2.2b) 
Using count data alone, licensed tobacco retailer density was high in midtown Manhattan, high 
across North and Central Brooklyn, scattered through Queens, and in northern Staten Island. 
Some neighborhoods in the South Bronx also had relatively high retailer density. When assessing 
the KDE map of licensed tobacco retailers with a density per 1 mile radius, we observed a 




Brooklyn and Queens, while Staten Island retailer density was much less visually evident once 
spatial relationships were taken into account compared with count data estimates. (Figure 2.3)  
 
About one fifth of the CDs with the highest number of tobacco retailers also had above average 
smoking prevalence, including Astoria in Queens and northern Staten Island. (Figure 2.4a) This 
was determined by visually examining the CDs with both darker shading indicating elevated 
smoking prevalence (over 19%) and larger red circles indicating higher numbers of tobacco 
retailers aligning (over 200 retailers). Similarly, about one fifth of CDs with the highest 
neighborhood poverty also had above average smoking prevalence, all of which were located in 
the South Bronx. (Figured 2.4b) 
 
Figure 2.2 also shows the spatial distributions of the percent below 100% FPL and population 
density. The average percent poverty per CD was 24.8%, with a minimum of 4.3% and a 
maximum of 47.5%. (Figure 2.2c) Areas with high levels of poverty included northern 
Manhattan, the South Bronx, Borough Park in Brooklyn, and Corona Heights in Queens. The 
population density in NYC ranged from 5,000 people per square mile up to almost 97,000 people 
per square mile within a CD. The neighborhoods with highest population density included the 
Lower East Side, Murray Hill, Upper East Side, and Upper West Side in Manhattan, and the 
Fordham neighborhood in the Bronx.  (Figure 2.2d) 
 
The average percent of housing per CD that is multiunit in structure was 17.9%, with a minimum 
of <1% and a maximum of 91.9%. (Figure 2.2e) Multiunit housing is concentrated within and 




as high prevalence of multiunit housing in CDs close to Manhattan in the South Bronx, 
Brooklyn, and Queens, such as Park Slope and Astoria/Long Island City.  
 
The average percent of housing per CD that is NYCHA was 0.1%, with a minimum of 0% and a 
maximum of 2.5%. (Figure 2.2f) NYCHA housing was concentrated on the Lower East Side and 
in East and Central Harlem in Manhattan, in the South Bronx, and in Brownsville in Brooklyn.  
 
A Global Moran’s I summary test indicated that the neighborhood smoking prevalence data were 
spatially clustered (Index: 0.16, p-value=0.0035) and the chance of the results being due to 
random chance were less than 1%.   
 
2.4.2. Ecologic Analyses 
OLS 
In separate unadjusted analyses using OLS regression, neither tobacco retailer density nor 
neighborhood poverty were significantly associated with neighborhood smoking.  For every one 
unit increase in number of tobacco retailers per CD, the smoking prevalence barely changed, 
increasing by 0.17% (p=0.875), whereas when the percent of the CD living below the poverty 
level increased by 1 unit, the smoking prevalence increased by 5.7% (p=0.115). Modeling the 
independent influences of tobacco retailer density and neighborhood poverty together on 
neighborhood smoking prevalence, the tobacco retailer-smoking association remained non-
significant (p=0.965), while poverty remained consistent. Adjusting for socio-demographics and 
population density resulted in magnitude increases of the tobacco retailer-smoking and 




that an increase in tobacco retailers resulted in a 0.76% increase in neighborhood smoking 
prevalence (p=0.366), and an increase in poverty resulted in a 9.4% increase in neighborhood 
smoking (p=0.130). (Data not shown) An adjusted model including the interaction between 
tobacco retailer density and poverty found that for each unit increase in poverty, the slope of 
tobacco retailers and smoking increased by 0.0034 (p=0.008). We examined the marginal effects 
of tobacco retailers on smoking at different values of poverty (low, medium, and high poverty) 
using simple slopes, and found that although the specific results examined were non-significant, 
smoking prevalence increased as poverty level increased. At low poverty, an increase in tobacco 
retailers resulted in a 4.2% (-13.0, 4.6) decline in neighborhood smoking prevalence, at medium 
poverty, an increase in retailers resulted in a 2.7% (-6.1, 11.5) increase in neighborhood smoking 
prevalence, and at high poverty, an increase in retailers resulted in a 10.5% (1.7, 19.3) increase in 
neighborhood smoking prevalence. (Figure 2.5) Additionally, the interaction model was 
significant overall (p=0.023) and the model fit for the interaction model was better than the 
adjusted model (AICc: 303.97 vs. 309.41; R
2
: 16% vs. 5%). (Table 2.1)   
 
Housing environment variability 
When examining effect modification of the tobacco retailer-smoking association by housing 
environments, the interaction between tobacco retailers and multiunit housing on smoking was 
not significant (p=0.801), nor was the interaction between retailers and NYCHA housing on 
smoking (p=0.105). Similar to Model 1, the retailer-poverty interactions were significant in both 







All models were repeated in GWR and AICc and R
2
 were compared to assess model fit for 
locally varying spatial relationships. Overall, fully adjusted GWR models had better model fit 
than OLS models, with lower AICc and higher R
2
 values (Tables 2.1 and 2.2), however the 
declines in AICc were generally small, ranging from 0.75 to 1.94, and the differences in R
2
 were 
similarly small, 6% to 13%. The tobacco retailer-poverty interactions on smoking models, with 
and without adjusting for housing, had exactly the same AICc and R
2
 values, indicating no 
improvement in model fit when allowing for potential spatial non-stationarity at the CD level. 
Bandwidth for the GWR were large, also indicating the models were operating similar to a global 
model as opposed to local models. 
 
2.4.3. Multilevel Analyses  
We then examined the association between neighborhood poverty and tobacco retailer density 
and individual-level smoking behavior using multilevel modeling.  Because these MLMs have a 
binary outcome, individual level smoking, a pseudo-ICC was calculated to estimate between 
neighborhood variability. Assuming the individual variance follows a logistic distribution, π
2
/3, 
we estimated that the neighborhood level variance was 1%, indicating only a very small 
correlation among people within neighborhoods. 
 
The first unadjusted MLM models separately examining tobacco retailer density and 
neighborhood poverty on individual smoking behavior found a non-significant negative 
association between tobacco retailers and individual smoking (p=0.447) and a significant 




model including tobacco retailers and neighborhood poverty, the tobacco retailer-smoking 
association remained negative but attenuated towards the null (p=0.156), while the poverty-
smoking association remained positive and significant (p<.001). In the fully adjusted MLM of 
tobacco retailers and poverty on individual smoking prevalence, adjusting for population density 
and socio-demographics, age and race/ethnicity, the tobacco retailer-smoking association 
reversed to be positive and non-significant (p=0.185) while the poverty smoking association 
remained positive and significant (p<.001). Additionally, the retailer-poverty interaction model 
was non-significant (p=0.132). (Table 2.3)  
 
Housing environment variability 
When evaluating for effect modification, the retailer-multiunit housing interaction was non-
significant (p=0.840), while the retailer-poverty interaction was marginally significant positive 
association (p=0.080). Simple slopes examined the marginal effects of tobacco retailers on 
individual smoking at different values of poverty, showing similar patterns of results to the OLS 
interaction models, the specific results were non-significant. Increases in tobacco retailers led to 
lower smoking prevalence at low poverty, while at medium or high poverty, increases in tobacco 
retailers led to increased smoking prevalence. (Data not shown) In a separate model, the retailer-
NYCHA housing interaction was also found to be non-significant (p=0.138), as was the retailer-
poverty interaction (p=0.252). (Table 2.4)  
 
2.5. Discussion 
In this study, we used both ecologic and multilevel analyses to examine the influence of tobacco 




level smoking behavior in a heavily populated urban environment. Results varied, dependent on 
type of outcome and analyses conducted. In adjusted ecological analyses, we examined 
associations between tobacco retailer density and neighborhood smoking prevalence, and found 
that the association was modified by neighborhood poverty, such that while low poverty led to a 
negative retailer-smoking association, medium and high poverty neighborhoods led to 
increasingly positive retailer-smoking associations. A similar marginally significant pattern of 
moderation of the retailer-smoking association by poverty was seen in the MLM adjusting for 
multiunit housing as well. In adjusted multilevel analyses, neighborhood poverty was shown to 
be a significant predictor for individual smoking behavior. The non-significant results around 
tobacco retailer density as an individual predictor in all analyses contrasted with prior published 
findings, suggesting that proximity to retailers in heavily urban settings may not play as 
influential a role in affecting smoking prevalence and other individual- and environmental-level 
factors need to be considered. Whereas neighborhood poverty demonstrated similar associations 
with smoking, as found in much of the existing literature. 
 
In our re-examination of the association between neighborhood poverty and smoking using both 
ecologic and multilevel analytic approaches, results were mixed.  Neighborhood poverty was 
non-significant or marginally significant with neighborhood smoking in ecologic models and 
significantly positively associated with individual smoking in MLMs. As with our findings, 
MLM analyses in other studies showed positive associations between neighborhood income and 
smoking prevalence in different groups of men and women
2-4 
and one non-MLM study found 
that neighborhood income underestimated associations with smoking prevalence compared with 






Additionally, neighborhood poverty acted as an effect modifier of the tobacco retailer-smoking 
association in ecologic analyses and similar marginal results were found in MLM analyses when 
adjusting for multiunit housing. A Northern California MLM study examined interactions 
between multiple measures of tobacco retailer density and both individual and neighborhood 
socio-economic status on the number of cigarettes smoked per day.
7
 Chuang et al. found similar 
significant results for tobacco retailers within a one mile radius, store density, and distance from 
a retailer on number of cigarettes smoked per day modified by neighborhood socioeconomic 
status.
7
 For interactions with individual socio-economic status, only the interaction between store 
density and individual socio-economic was significant on number of cigarettes per day.
7
 While 
our study did not include individual socio-economic status, the outcomes were neighborhood 
prevalence and individual behavior, and our significant results were for ecological analyses and 
neighborhood smoking prevalence, we did have marginally significant positive results for one of 
the MLMs. These results suggest that, as expected, increased neighborhood poverty is associated 
with individual smoking prevalence in NYC, and neighborhood poverty modified the retailer-
smoking association.  
 
This is not the first study to detect that patterns in NYC do not conform to well-established 
associations between environmental risk factors and smoking observed elsewhere. A previous 
MLM study in NYC found no association between neighborhood median income or individual 
income and individual smoking.
1
 The Galea et al. study differed from ours in multiple ways; 
their data was from 2002, the smoking outcome variable was “any cigarettes in the past 30 days,” 
and two different income variables were used, median neighborhood income as well as 




study. The use of slightly different variables for the outcome, for covariates, as well as the 
changes in geographic distribution of poverty and smoking prevalence over time may have lead 
to different associations over time. While both analyses had positive results, the associations in 
Galea et al. were non-significant, while the results from this study were significant across a 
variety of MLMs. This departure from what is otherwise a fairly consistent literature could be 
due to the high population density in NYC, as there are almost 28,000 people per square mile in 
NYC compared with about 89 people per square mile in the rest of the US.
2-11,25,37-42
 With such a 
high density of people and high density of tobacco retailers, any associations may be diluted. 
Analyses in this paper were adjusted for housing environments, multiunit housing and NYCHA 
housing, as another presentation of environmental population density-related factors that might 
have contributed to the poverty- and tobacco retailer-smoking association. Additional factors 
might include the high influx of commuters into certain areas of the city that help maintain the 
high retailer density and are not associated with factors related to population density or socio-
economics of residents the community district, or it could be due to factors that have not yet been 
investigated here such as illegal sales of cigarettes, the distribution of retailers with more tobacco 
sales violations, changes in patterns of smoking cessation or relapse, changes in social norms 
around smoking, or the fact that NYC smokers are more likely to be light or non-daily smokers 
compared with heavy smokers.  
 
Across models, the association between neighborhood population density and smoking 
prevalence was negative and significant, regardless of changing confounders. That neighborhood 
population density was negatively associated with smoking prevalence, suggests that the tobacco 




from two different MLM studies of neighborhood socio-demographics on smoking prevalence 
showed non-significant and marginally significant positive associations between living in an 
urban environment and associations with smoking prevalence, but no other studies specifically 
assessing associations between population density and smoking prevalence were found in the 
literature.
2,6
 The negative association in this analysis might have been due to the combination of 
high retailer density, low population density, and lower smoking prevalence in known business 
districts. Focusing solely on population and socio-demographic factors may not be sufficient to 
explain neighborhood patterns of smoking prevalence in NYC.  
 
No previous analyses of GWR tobacco retailer- or neighborhood poverty-smoking associations 
were found in the literature. We expanded on the typical analyses used to investigate the 
predictors of smoking prevalence by accounting for locally varying spatial relationships that may 
affect associations between environmental factors that influence behaviors. While the results of 
the spatial analyses were generally a better fit than the OLS models, the magnitude of 
improvement was very small, thus our findings suggest that geographically weighting one’s 
findings may not be necessary at this large level of aggregation.  It is possible that future 
analyses using smaller neighborhood areas will demonstrate more spatial variance that might 
better explain environmental effects.  
 
Neither multiunit nor NYCHA housing was a significant modifier of the tobacco retailer-
smoking association or a significant predictor of smoking prevalence. It is possible that the 
extremely high density of multiunit housing in NYC (11,000 units per square mile compared 






While NYCHA housing at the peak density within a community district 
was less than 3% of the housing environment, possibly too insufficient to demonstrate any 
associations. 
 
2.5.1. Strengths and Limitations 
There are several strengths to the various parts of this study. First, we were able to examine the 
relationship between two key neighborhood measures and smoking prevalence at the 
neighborhood level and smoking behavior at the individual level. Conducting both types of 
analyses was important as the environment can play an important role in causing both individual 
level health outcomes and aggregate patterns, and is not accounted for when only using solely 
individual level data for analyses.
45
 The study also harnessed population-based data from the 
NYC CHS, PLUTO and ACS for spatial and multi-level analyses. Spatial analyses provide the 
opportunity to consider different perspectives on relationships between variables, based on 
geographic distribution, and multilevel analyses provided the opportunity to consider the 
simultaneous effects of individual- and neighborhood-level variables on health outcomes. As 
well, the use of KDE provided a more accurate statistical representation of a spatial 
phenomenon, as it is not confined by community district boundaries. Additional strengths 
include the fact that the analyses built on a body of previously published work both 
methodologically and conceptually, yet conducted the analyses in a highly densely populated 
environment. The MLM analyses built on many earlier studies that assessed associations 
between multilevel socio-demographics and environmental factors such as tobacco retailer 






Limitations to spatial analyses included that the data were all cross-sectional and therefore, the 
results only assess associations as opposed to causal relationships. Administrative boundaries 
used in these analyses, community districts, may not accurately define a neighborhood in the 
same manner as residents utilize their resources, resulting in misclassification that may introduce 
bias. Proximity spatially defined on a map may not accurately represent social or other personal 
choices that may affect potential exposures. The CDs were also large geographic areas that may 
not provide enough spatial variation to accurately assess spatial differences in exposures. There 
likely exists some heterogeneity within the neighborhood areas, yet the high population and 
housing density within NYC indicates a shared built environment and likely shared socio-
economic characteristics, thereby making CD a reasonable neighborhood proxy.
39-44 
Analyses 
should be examined at smaller levels of geography, such as the zip code, when possible. Due to 
the increased density of tobacco retailers in business neighborhoods and transportation hubs, 
analyses of relationships with housing may be confounded. Future analyses should include land 
use as a potential covariate in the analyses, as this might be a factor associated with smoking 
prevalence in areas with extremely high population density. The ecological analyses may be 
subjected to ecologic fallacy, when assumptions about individuals are made from aggregate level 
data, however all predictors in this study were interpreted in terms of neighborhood prevalence. 
This study also assessed the relationships between type of residence and tobacco retailers, 
however exposure to tobacco retailers can happen anywhere, not just near the home. There was 
the potential for reverse causality within the analyses between tobacco retailers and housing, as 
more people encourage increased store density and at the same time, increased store density 




assess model significance. The MLMs may not have included all the needed covariates to 
explain the associations. Additionally, the level-2 neighborhood, community districts, may not 
have been sufficiently numerous to show enough variation to make MLM useful, as the pseudo-
ICC was only 1% and indicating there was almost no variation within neighborhoods. 
 
2.5.2. Conclusion 
This study demonstrated that the NYC environment may have some properties that are unique to 
highly densely populated environments that result in different observations regarding 
neighborhood influences on smoking prevalence and behavior than other settings.  Research 
from Iowa also had unexpected results, finding associations between higher retailer density, 
increased smoking prevalence and higher income levels.
10
 None of the models in these studies 
demonstrated associations between tobacco retailers and smoking when adjusting for housing 
type or other socio-economic demographics, although a significant positive association was 
found when modified by neighborhood poverty in ecological analyses. Additionally, 
neighborhood poverty was associated with smoking in adjusted multilevel analyses, contrary to 
previous findings by Galea et al. This study supports that idea that further research into 
environmental risk factors are necessary across jurisdictions to improve our understanding of 



































Figure 2.5: Marginal Effects of Changes in Tobacco Retailer Density on Smoking at Varying 





































Table 2.1: Ecological Models, Tobacco Retailers and Poverty-Smoking Prevalence Unadjusted 
and Adjusted for Population Density and Socio-Demographics 
OLS       
Unadjusted Coefficient SE p-value    
Tobacco retailers only  AICc 306.67; R2 -2% 
Intercept 15.75 0.74 <.000*   Joint F-Statistic  0.021 
Tobacco retailers  0.0017 0.012 0.875   p-value 0.886  
Poverty only AICc 304.10; R2 3% 
Intercept 14.37 1.00 <.000*   Joint F-Statistic 2.56 
Neighborhood poverty 0.057 0.036 0.1152   p-value 0.115 
Tobacco retailers and poverty only  
Intercept  14.40 1.13 <.000*   AICc 306.40; R2 1% 
Tobacco retailers -0.00052 -0.044 0.965   Joint F-Statistic 1.26 
Neighborhood poverty 0.058 0.036 0.1198   p-value 0.291  
Adjusted Coefficient SE p-value    
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction  
Intercept 16.78 2.88 <.000*   AICc 303.97; R2 16% 
Tobacco retailers  -0.057 0.031 0.066   Joint F-Statistic 2.59 
Neighborhood poverty -0.101 0.091 0.272   p-value 0.023* 
Tobacco retailers*poverty 0.0034 0.0012 0.008*    
 
GWR       
Unadjusted Minimum 1st Quartile Median 3rd Quartile Maximum  
Tobacco retailers only Bandwidth: 5.8 miles 
Tobacco retailers -0.091 -0.00043 0.0090 0.016 0.051 AICc 301.85; R2 14% 
Poverty only Bandwidth: 10.6 miles 
Neighborhood poverty -0.067 0.066 0.078 0.084 0.095 AICc 301.42; R2 9% 
Tobacco retailers and poverty only Bandwidth: 11.4 miles 
Tobacco retailers -0.041 0.0036 0.0073 0.0083 0.010 AICc 302.22; R2 10% 
Neighborhood poverty 0.21 0.066 0.077 0.083 0.088  
Adjusted Minimum 1st Quartile Median 3rd Quartile Maximum  
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction Bandwidth: 297.3 miles 
Tobacco retailers  -0.057 -0.057 -0.057 -0.057 -0.057 AICc 303.98; R2 16% 
Neighborhood poverty -0.10 -0.10 -0.10 -0.10 -0.10  
Tobacco retailers*poverty 0.0034 0.0034 0.0034 0.0034 0.0034  
*p<=0.05, SE= Standard error 




















Table 2.2: Ecological Models with Interactions, Tobacco Retailers and Poverty-Smoking 
Prevalence Adjusting for Population Density, Socio-Demographics, and Housing Environments 
OLS-Multiunit Housing       
Adjusted Coefficient SE p-value    
Tobacco retailers and poverty fully adjusted with a tobacco retailer and multiunit housing interaction  
Intercept 15.44 1.24 <.000*   AICc 311.05; R2 5% 
Tobacco retailers  -0.0056 0.044 0.900   Joint F-Statistic 1.47 
Neighborhood poverty 0.11 0.065 0.102   p-value 0.198 
Multiunit housing 0.026 0.037 0.493    
Tobacco retailers*multiunit housing 0.00015 0.00058 0.800    
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction  
Intercept 19.75 1.97 <.000*   AICc 303.21; R2 17% 
Tobacco retailers  -0.054 0.028 0.059   Joint F-Statistic 2.72 
Neighborhood poverty -0.084 0.090 0.354   p-value 0.018* 
Multiunit housing 0.038 0.024 0.130    
Tobacco retailers*poverty 0.0032 0.0012 0.009*    
 
GWR-Multiunit Housing       
Adjusted Minimum 1st Quartile Median 3rd Quartile Maximum  
Tobacco retailers and poverty fully adjusted with a tobacco retailer and multiunit housing interaction Bandwidth: 16.0 miles 
Tobacco retailers  -0.085 -0.009 0.009 0.024 0.044 AICc 307.85; R2 13% 
Neighborhood poverty 0.097 0.11 0.11 0.11 0.12  
Multiunit housing -0.018 0.035 0.044 0.048 0.057  
Tobacco retailers*multiunit housing -0.00045 -0.00028 -0.00011 0.00011 0.0011  
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction Bandwidth: 297.3 miles 
Tobacco retailers  -0.054 -0.054 -0.054 -0.054 -0.054 AICc 303.22; R2 17% 
Neighborhood poverty -0.084 -0.084 -0.084 -0.084 -0.084  
Multiunit housing 0.038 0.038 0.038 0.038 0.038  
Tobacco retailers*poverty 0.0032 0.0032 0.0032 0.0032 0.0032  
 
OLS-NYCHA Housing       
Adjusted Coefficient SE p-value    
Tobacco retailers and poverty fully adjusted with a tobacco retailer and NYCHA housing interaction  
Intercept 13.46 2.71 <.000*   AICc 309.52; R2 11% 
Tobacco retailers  -0.0068 0.021 0.751   Joint F-Statistic 1.85 
Neighborhood poverty 0.077 0.060 0.207   p-value 0.089 
NYCHA housing -3.33 2.98 0.269    
Tobacco retailers*NYCHA housing 0.063 0.038 0.105    
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction  
Intercept 16.80 2.87 <.000*   AICc 305.27; R2 17% 
Tobacco retailers  -0.058 0.030 0.064   Joint F-Statistic 2.46 
Neighborhood poverty -0.095 0.091 0.297   p-value 0.025* 
NYCHA housing 1.04 0.88 0.245    
Tobacco retailers*poverty 0.0032 0.0012 0.013*    
 
GWR-NYCHA housing       
Adjusted Minimum 1st Quartile Median 3rd Quartile Maximum  
Tobacco retailers and poverty fully adjusted with a tobacco retailer and NYCHA housing interaction Bandwidth: 30.0 miles 
Tobacco retailers  -0.010 -0.0078 -0.0071 -0.0065 -0.0056 AICc 309.37; R2 11% 
Neighborhood poverty 0.067 0.77 0.079 0.080 0.082  
NYCHA housing -3.30 -3.25 -3.19 -3.16 -3.09  
Tobacco retailers*NYCHA housing 0.060 0.060 0.060 0.060 0.063  
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction Bandwidth: 297.3 miles 
Tobacco retailers  -0.058 -0.058 -0.058 -0.058 -0.058 AICc 305.27j; R2 17% 
Neighborhood poverty -0.096 -0.096 -0.095 -0.095 -0.095  
NYCHA housing 1.04 1.04 1.04 1.04 1.04  
Tobacco retailers*poverty 0.0032 0.0032 0.0032 0.0032 0.0032  
*p<=0.05, SE= Standard error; Multiunit housing adjusted models include population density, percent black, and percent Hispanic; NYCHA 






Table 2.3: MLM Tobacco Retailer and Poverty-Smoking Prevalence Unadjusted and Adjusted 
for Population Density and Socio-Demographics 
MLM    
 Coefficient SE p-value 
Empty model 
Intercept -1.81 0.031 <.000* 
Tobacco retailers only 
Intercept -1.77 0.06 <.000* 
Tobacco retailers  -0.00069 0.00091 0.447 
Poverty only 
Intercept  -2.05 0.070 <.000* 
Neighborhood poverty 0.0095 0.0025 <.000* 
Tobacco retailers and poverty only 
Intercept  -2.00 0.077 <.000* 
Tobacco retailers -0.0012 0.000828 0.156 
Neighborhood poverty 0.010 0.0025 0.000* 
Tobacco retailers and poverty fully adjusted 
Intercept -2.49 0.081 <.000* 
Tobacco retailers  0.0013 0.00099 0.185 
Neighborhood poverty 0.0099 0.0024 <.000* 
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction 
Intercept -2.34 0.13 <.000* 
Tobacco retailers  -0.00059 0.0016 0.714 
Neighborhood poverty 0.0022 0.0056 0.701 
Tobacco retailers* neighborhood poverty 0.00011 0.000073 0.132 
*p<=0.05, SE= Standard error 




























Table 2.4: MLMs with Interactions, Retailers and Poverty-Smoking Prevalence Adjusted for 
Population Density, Socio-Demographics, and Housing Environments 
MLM    
 Coefficient SE p-value 
Tobacco retailers and poverty fully adjusted including multiunit housing 
Intercept -1.91 0.071 <.000* 
Tobacco retailers  0.00061 0.0012 0.608 
Neighborhood poverty 0.011 0.0024 <.000* 
Multiunit housing 0.0020 0.0016 0.210 
Tobacco retailers and poverty fully adjusted with a tobacco retailer and multiunit housing interaction 
Intercept -1.90 0.075 <.000* 
Tobacco retailers  0.00011 0.0027 0.967 
Neighborhood poverty 0.011 0.0029 <.000* 
Multiunit housing 0.0016 0.0023 0.472 
Tobacco retailers* multiunit housing 0.0000074 0.000036 0.840 
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction 
Intercept -1.73 0.12 <.000* 
Tobacco retailers  -0.0016 0.0017 0.351 
Neighborhood poverty 0.0019 0.0055 0.733 
Multiunit housing 0.0020 0.0015 0.189 
Tobacco retailers* poverty 0.00013 0.000072 0.080 
 
Tobacco retailers and poverty fully adjusted including NYCHA housing 
Intercept -2.45 0.083 <.000* 
Tobacco retailers  0.0011 0.00098 0.261 
Neighborhood poverty 0.0082 0.0025 0.002* 
NYCHA housing 0.090 0.052 0.089 
Tobacco retailers and poverty fully adjusted with a tobacco retailer and NYCHA housing interaction 
Intercept -2.42 0.084 <.000* 
Tobacco retailers  0.00080 0.00099 0.423 
Neighborhood poverty 0.0084 0.0025 0.001* 
NYCHA housing -0.16 0.17 0.362 
Tobacco retailers*NYCHA housing 0.0033 0.0022 0.138 
Tobacco retailers and poverty fully adjusted with a tobacco retailer and poverty interaction 
Intercept -2.34 0.13 <.000* 
Tobacco retailers  -0.00033 0.0016 0.835 
Neighborhood poverty 0.0025 0.0055 0.647 
NYCHA housing 0.075 0.053 0.163 
Tobacco retailers* poverty 0.000086 0.000074 0.252 
*p<=0.05, SE= Standard error 
Multiunit housing models were adjusted for population density and race/ethnicity 



















Chapter 3: The Influence of Housing Type on Secondhand Smoke Exposure Among Non-
Smoking Adults in New York City 
 
3.1. Introduction 
Consistent results from numerous studies have led scientists and policymakers to conclude that 
no level of exposure to environmental tobacco smoke is safe.
1
 Non-smoker environmental 
tobacco smoke (ETS) exposure has been shown to cause adverse respiratory and cardiovascular 
outcomes.
1-9 
The adverse outcomes specifically include lung cancer and cardiovascular diseases, 
which increase in a dose-dependent manner with exposure.
1,10-13 
Nationally, more than 40,000 





Homes are the primary source of ETS exposure among children, either through living with 
family members who smoke or living in buildings with smokers.
14-18 
A recent national study 
found that children with non-smoking parents residing in multiunit housing had higher mean 
serum cotinine levels (45% increase) than children of non-smoking parents living in detached 
houses.
14 
For adults, sources of ETS exposure are more varied and might include the home, 
workplace, or outdoor settings.
5,19-24
 In recent years, smoke-free air laws have significantly 
reduced workplace, restaurant and bar ETS.
5,23,24
 The expansion of smoke-free housing has 
begun to contribute to reductions in ETS exposure at home, however housing persists as a source 
of ETS.
20,25-32 
Other potential sources are most likely from outdoor settings, but there is little 





New findings suggest that adults living in urban settings may have, on average, greater exposure 
to ETS than adults living in rural settings.  A 2004 population-based study of secondhand smoke 
exposure (SHS) among non-smoking adult New Yorkers found that they were more likely to 
have elevated serum cotinine levels compared with non-smoking adults nationally (56.7% vs. 
44.9%, p<.05).
33
 This finding was unexpected because at the time of the survey New York City 
(NYC) had a lower smoking prevalence than the US (23.3% vs. 29.7%, p<.05), and two years 
prior to the study NYC had passed a smoke-free air act, preventing smoking in workplaces, 
including bars and restaurants, while the majority of the US still allowed smoking in such 
places.
33-35 
Sources for this ETS exposure disparity were not identified in that study but plausible 
sources could include heavy population density in general, or more specifically some 
combination of either the high proportion of residents living in multiunit housing, or elevated 
exposure to outdoor smoking due to proximity on densely crowded streets, sidewalks, or near 
entranceways where smoking occurs. 
 
To date, the association between housing type and cotinine level has not been evaluated among 
non-smoking adults. While the association has been described among children of non-smoking 
families, it is unclear whether non-smoking adults living in multiunit housing have a discernably 
greater likelihood of exposure to ETS compared with those living in smaller buildings or 
detached housing.
14
 Nationally, more than 60% of Americans live in single-family detached 
houses.
36
 The NYC housing environment differs greatly, with 70% of NYC residents living in 
multifamily (3 or more units) and only 9% in single-family homes.
37 
With the majority of New 
Yorkers living in some type of multiunit housing, opportunities for increased exposure to 




observed elevated cotinine levels in NYC vs. national non-smoking adults could be reflecting 
important compositional differences in the socio-demographics of the population, including a 
large proportion being of lower socioeconomic status which is associated with elevated cotinine 
levels
16,17,38,39
, or a high proportion of the population being a racial/ethnic minority group with 
known slower metabolism of tobacco, such as among blacks and Asians compared with whites 
and Hispanics.
40-44 
None of these studies focused on investigating measured elevated cotinine by 
low income and racial diversity.  
 
This study will investigate the relationship between housing type and elevated cotinine levels 
among non-smoking NYC adults aged 20 and older, taking into account socioeconomic and 
racial/ethnic factors, both of which are independently associated with SHS exposure and may 
confound an observed association between multiunit housing and SHS.
16,17,38,39
 We will use 
survey and biomarker data from a representative citywide survey, the 2004 NYC Health and 
Nutrition Examination Survey (HANES) and characterize housing type of participants by 
matching their addresses at the time of the interview to 2005 NYC Primary Land Use Tax lot 
Output (PLUTO) data. We will also assess possible neighborhood-level effects using multilevel 
modeling including zip code level population density data from the 2000 Census and zip code 




The 2004 NYC HANES was a representative cross-sectional survey of 1,999 New Yorkers aged 






survey consisted of a physical exam, clinical and laboratory tests, an in person interview, and a 
computer-assisted self-interview. There were 1,767 New Yorkers who provided serum cotinine 
measurements. The study population included all non-smokers based on measured serum 
cotinine levels of less than 10.0 ng/ml, who also had valid NYC addresses (N=1,320). Serum 
cotinine has a higher accuracy and reliability of measurement of exposure to SHS than self-
reported exposure.
33,46,47
 The populations excluded from this study were less likely to have been 
Hispanic, female, ages 60 and older, and had more than a high school education, and were more 
likely to be ages 20 to 39 and a high school graduate. (Data shown in Appendix A)  
 
The 2005 PLUTO data set combined land use and geographic data at the tax lot level 
(N=854,858). It provided information about the buildings and tax lots they occupied and was 
used to define the housing types. 2005 PLUTO was used instead of 2004 PLUTO because the 
2005 data set contained the Borough Block and Lot (BBL) variable needed to match PLUTO 
data with NYC HANES data. Attempts to create a BBL variable from the available 2004 PLUTO 
information were unsuccessful. The PLUTO data was merged with the NYC HANES address 
information to link building information with NYC HANES respondents. Tax lot and building 
information was used to determine the housing type of respondents. Type of housing has 




The 2000 Census provided population counts and land area for all NYC zip codes. The 2000 
Census data was limited to the population count of NYC adults aged 20 and older to match the 





The NYC Community Health Survey was an annual cross-sectional survey of adults aged 18 and 
older, modeled on the Behavioral Risk Factor Surveillance System.
48
 The 2002-2006 NYC CHS 
aggregated five years of data allowing for zip code level analyses. Data were limited to 
respondents aged 20 and older to match the NYC HANES population. 
 
3.2.2. Measures 
The NYC HANES outcome variable, elevated cotinine, was examined as a dichotomous variable 
(elevated cotinine, ≥0.05 ng/ml vs. normal cotinine, < 0.05 ng/ml). The serum cotinine samples 
were analyzed with an isotope dilution, liquid chromatography/tandem mass spectrometry 
method.
33
 The limits of detection for NYC HANES serum cotinine were 0.05 ng/ml and anyone 
with results below that level were considered to have normal levels of exposure to cotinine, and 
assigned a value of 0.035 ng/ml.
33
 Due to the censored nature of the data, we opted not to 
analyze cotinine as a continuous variable, but rather as a dichotomous variable, to avoid missing 
data issues. 
 
There was no standard definition for multiunit housing. The 2011 Wilson study utilized three 
levels: single family detached homes, single family attached homes and multiunit housing, while 
the NYC Housing and Vacancy Survey considers three or more units multifamily.
14,37
 Since the 
distribution of housing in NYC was predominately multiunit and unexplored, two housing 
variables were created using PLUTO. The housing type variables were created by combining 
PLUTO variables about tax lot information: number of residential units; number of buildings; 
proximity code (detached or attached buildings); building class (one family dwellings, two 




of floors; and land use (one and two family buildings, multi-family walk-up; multi-family 
elevator, etc.) to designate the specific level of housing type. Since PLUTO was tax lot data and 
this study was investigating building-level experiences, most determinations of building size 
were based on dividing the number of residential units on the tax lot by the number of buildings 
on the tax lot. However, exceptions were made for one-, two- and some three-unit residences. If 
the number of units was one, the number of buildings was greater than one, and the building 
class (one family dwellings such as: Cape Cod, two stories detached, large suburban residence, 
mansion type, etc.) indicated that the residence was a single-family home, the building number 
variable was disregarded. Similar accommodations were made for two and three unit residences 
by disregarding the number of buildings on the tax lot when the building class indicated “two 
family dwellings” or “three families- walk up apartments,” matching the number of residential 
units listed. When information was missing or listed as zero for some tax lots, additional PLUTO 
variables were used to determine building size such as number of floors, land use, and proximity 
code. First adult cotinine levels were investigated across an exploratory breakdown of the 
multiunit distribution to assess variability and the potential for a dose-response association across 
different size multiunit buildings. The six-level variable included: single-family detached or 
attached home; buildings with two residential units/apartments; three to nine units; 10 to 49 
units; 50 to 99 units; and 100 or more units. For subsequent and multivariable analysis adjusting 
for potential confounding, a smaller number of four categories of housing type were used 
(single-family detached or attached homes, two residential units, three to 99 residential units, and 





The NYC HANES socio-demographics included age (20 to 39, 40 to 59, and 60 and older), sex 
(male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, non-Hispanic Asian 
(including Native Hawaiian and other Pacific Islander), or Hispanic), education (less than a high 
school graduate, high school graduate, or more than a high school graduate), and income (less 
than $20,000, $20,000 to $49,999, or $50,000 or higher). 
 
Census neighborhood variables used in multivariable models included population density by zip 
code tabulation areas (ZCTAs). Population density calculations involved taking the population of 
a census land area and dividing the population number by the size of the land area.
49
 Population 
density in this study was calculated by dividing the total Census population of adults aged 20 and 
older per ZCTA by the Census square mileage for each ZCTA. ZCTAs follow the Census block 
boundaries and represent the majority of the zip code they refer to, however they were not 
exactly the same as the US Postal Services zip code delivery areas. The continuous 
neighborhood population density variable was recoded into a three-level variable representing 
low, medium and high neighborhood population density per square mile. Low population density 
per square mile included the range of 3,000 to less than 37,000; medium population density 
included the range of 37,000 to less than 72,000; and high population density included the range 
of 72,000 and higher.  
 
The neighborhood variable attained from the NYC CHS was smoking prevalence (percent of 
respondents who ever smoked more than 100 cigarettes and reported now smoking every day or 
some days) by ZCTA. The continuous neighborhood smoking variable was recoded into a three-




smoking prevalence was under 18.4%; medium smoking prevalence included 18.4% to less than 
26.1%; and high smoking prevalence included 26.1% and higher. These cutoffs were chosen 
because they divided the range of smoking prevalence into thirds. 
 
3.2.3. Statistical Analysis 
Descriptive and bivariate analyses and unadjusted logistic regression  
First the exposure variable, four-level housing type, was characterized by socio-demographics 
(age, sex, race/ethnicity, education, and income). Next descriptive statistics initially examined 
the association between housing type and having an elevated cotinine level using the expanded 
measure of housing type, with six categories corresponding to increasingly dense housing 
environments. Then descriptive statistics of the four-level housing variable and all socio-
demographic variables were examined. Bivariate and unadjusted logistic regressions of 
associations between housing type and socio-demographic variables and elevated cotinine among 
non-smoking adults were explored.  
 
Multivariate logistic regression 
Figure 3.1: DAG Representing the Proposed Chapter 3 Associations 
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A multivariate logistic regression model examined the associations between housing type and 
elevated cotinine among non-smokers, adjusting for socio-demographics. The multivariate model 
was developed based on a DAG (Figure 3.1) created to visualize the associations between 
housing and cotinine and the potential socio-demographic confounders. 
 
Among smokers, cotinine metabolism has been shown to vary by age, sex, race/ethnicity, and 
education
40-44,50,51
, and interactions were examined to determine whether the housing and 
cotinine association among non-smokers varied by these same characteristics. Stratified crosstab 
analyses were conducted across each demographic variable for the housing and cotinine 
association, and a stratum-adjusted Cochran-Mantel-Haenszel test was used to test for the 
presence or absence of interaction between housing type and each demographic variable. Due to 
the small sample size, p<0.25 was considered significant for an interaction.  
 
Multilevel models and comparison of variance across models 
Finally, multilevel models investigated the possible influence of neighborhood on the housing 
and cotinine relationship.  Neighborhood effects were not addressed in any other studies of 
housing or socio-demographics and elevated cotinine. Multilevel models of housing and cotinine 
were adjusted for individual level socio-demographics as well as neighborhood, neighborhood 
smoking prevalence, and neighborhood population density. The series of weighted multilevel 
logistic regression models first assessed the association between housing type and elevated 
cotinine level, adjusting for only the individual level (level-1) socio-demographics (model 1), the 
second model assessed the level-1 socio-demographics and neighborhood level (level-2, ZCTA-




and level-2 population density (model 3), and finally the fourth model assessed the level-1 socio-
demographics and level-2 neighborhood smoking prevalence and population density (model 4).   
 
The other purpose of the multilevel models was to investigate the difference in variance between 
the traditional logistic Taylor Series Linearization (TSL) model used for the multivariate logistic 
regression and the multilevel models. TSL and multilevel modeling accounted for the analysis of 
clustered data in different ways.
52-56 
TSL was the standard way clustered NYC HANES data 
were analyzed, and while both methods account for variance, TSL used only the highest cluster 
level to calculate variance of individuals within groups, while multilevel models incorporated all 
cluster levels into the calculation of variance, including between cluster variance and individual 
variation across groups.
52-60 
Comparing the differences in variance between the different models 
helped determine the method with the best fit for the data.  
 
Weighting and adjustment 
Data were weighted to adjust for the NYC HANES complex sampling design, nonresponse and 
post-stratification adjustment. The NYC HANES weights were further adjusted for item-level 
nonresponse. SAS-callable SUDAAN version 11.0.1 was used to analyze the descriptive and 
TSL analyses, while HLM version 7.0 was used to conduct multilevel analyses. Weights were 
scaled for use in multilevel models. All statistical differences reported in the text were significant 
at the p<.05 level, unless otherwise stated. 
 




Residents of multiunit housing with three to 99 units were more likely to be younger (aged 20 to 
39) compared with older age groups, and were more likely to be low income compared with high 
income although there were no age or income differences among residents of buildings with 100 
or more units. Residents of single family housing were more likely to be aged 60 and older than 
aged 20 to 39, more likely to have greater than a high school education than less than a high 
school education, and more likely to have higher incomes than the lowest income. (Table 3.1) 
 
More than half of non-smoking adult New Yorkers (56.7%) had elevated cotinine levels. (Table 
3.2) The data matched to tax lot files showed that 15.7% of NYC adults lived in single family 
homes, either detached or attached to other residences, in 2004 (10.2% were in single detached 
homes and 5.5% were in single attached homes), while 67.9% of adult New Yorkers lived in 
multiunit housing that consisted of three or more units.  
 
In unadjusted analyses examining a 6-level gradient of housing type, we found that adults living 
in single-family homes were significantly less likely to have elevated cotinine levels than those 
living in multiunit housing with 10 to 49 units (55.2% vs. 61.6%, p=0.0428).  However, adults 
living in multiunit housing with 50 to 99 or 100 or more units had comparable levels of elevated 
cotinine as those in single-family homes. 
 
In the adjusted multivariable regression results shown in Table 3.3, after adjusting for socio-
demographics, there was no association between housing type and elevated cotinine. Being 
older, female, having more education, and a higher income were negatively associated with 




having an elevated cotinine level compared with whites. However in unadjusted analyses, the 
association between housing levels was graded, with levels of elevated cotinine among non-
smoking adults increasing as the number of units per building increased until multiunit housing 
reached large numbers, upwards of 100 units per building. Additionally, we tested for a linear 
trend within the levels of the housing variable on cotinine with the Cochran-Armitage Trend 
Test. When housing on cotinine was examined among the first three levels of the housing type 
variable, it was significant for a trend (single family, two units and three to 99 units, p<.0001).  
 
Socio-demographic variables were tested separately as potential effect modifiers with housing 
type. Crude analyses assessing interactions between the socio-demographic variables and 
housing type on elevated cotinine found that race/ethnicity was an effect modifier of the housing 
and cotinine association (p=0.2234). All other tests for interaction were non-significant, using p-
value<0.25. Adjusted multivariable regression results stratified by race/ethnicity were presented 
in Appendix B. In the Asian-specific model, while the association between housing and cotinine 
was non-significant, the odds of elevated cotinine increased with each increasing level of 
housing type.   
 
Multilevel models assessed whether neighborhood factors played a role in the housing 
 type and elevated cotinine relationship. For this analysis, we generated two neighborhood 
measures at the ZCTA level: population density and smoking prevalence. The population density 
per NYC ZCTA ranged from 3,026 up to 111,354 persons aged 20 and older per square mile. 
The combined 2002-2006 NYC CHS smoking prevalence for adults aged 20 and older was 




to as high as 33.7% (27.4, 40.6). About half the ZCTAs had a smoking prevalence at or above 
the average. (Data not shown). 
 
In all of the multilevel models, the associations between neighborhood factors and having an 
elevated cotinine level were non-significant. (Table in Appendix C) The housing and cotinine 
association adjusted for neighborhood was consistent across all multilevel models, showing a 
non-significant association in the positive direction between two units and three to 99 units and 
elevated cotinine level, and a non-significant slightly negative association between 100 or more 
units and elevated cotinine, both compared with single family homes. Age, sex, race, education 
and income remained significant after accounting for neighborhood level effects. Appendix D 
shows the beta estimates and standard errors for the multivariate model in table 3.3 and the 
multilevel models in Appendix C. These variances compared across TSL and multilevel models 
did not substantially differ across model types. While the standard errors were not exactly the 
same across models, most only varied by 0.02. 
 
3.4. Discussion 
To our knowledge, this was the first published study examining whether housing type, 
specifically living in multiunit housing, affects environmental tobacco smoke exposure among 
the non-smoking adult population of NYC, using biologically-measured serum cotinine levels 
and objectively confirmed housing types using municipal records.  We found no significant 
association between housing type and likelihood of having an elevated cotinine level in adjusted 
analyses. This finding contrasts with prior research demonstrating elevated cotinine levels among 






 Other studies examining environmental toxin exposures in the home have 





For the cotinine findings, the lack of an observed association among adults compared with 
among children may be due to the fact that children are prone to persistent hand-to-mouth 
behavior not common in adults. For example: children often crawl and sit on the floor; the 
permeability of infant and child skin is greater than that of adults; children eat more food and 
drink more water in proportion to their body weight than adults, thereby ingesting more 
pesticides and increasing their toxin exposure level; metabolic pathways in children are 
immature and unable to metabolize or detoxify substances easily handled by adult bodies; 
children are still growing and developmental processes can be disrupted easily; and early 
exposure to toxins extends the available timeframe to develop chronic diseases.
2,61-66
 
Furthermore, children are at home more often and physically smaller, resulting in larger doses of 
ETS exposure in proportion to their small size as well as their proximity to surfaces that retain 
thirdhand smoke (THS).
1,66,67
 THS can be found on and in furniture, walls, floors, clothes and 
other surfaces, from immediately after smoking ceases and persisting for years afterwards as the 
particles remain on and in surfaces.
68-70
 Adult bodies are significantly more efficient at 
processing toxins, suggesting an explanation for why housing type was not indicated as a strong 
influence on adult non-smoker cotinine exposure as other sources. 
 
Since people spend large amounts of time inside, the home is an important contributor to human 






 Limited air volume within the home strengthens the delivery of indoor air pollutant 
exposures.
72
 ETS is an extremely complex indoor contaminant found in the home, as it occurs 
first as SHS while someone is smoking and later as thirdhand smoke.  
 
Nonetheless, we found suggestive evidence of potential modest contributions from multiunit 
housing type to ETS exposure that varies with the size of the buildings. Our finding of a modest 
graded positive association and a significant trend test for the first three levels of the housing 
variable is supported by other research that found those living in a duplex, double or multifamily 
home, or condo were less likely to experience SHS from outside their home compared with those 
living in apartments.
27
 We noted a sizable drop in exposure once building size increased to 100 
units and higher.  The exact reason for this drop is unexplained, but it is possible that more 
physical dispersion of tobacco smoke byproducts occurs in very large buildings compared with 
smaller buildings.  Whether different air ventilation mechanisms are used in very large buildings 
that could affect tobacco smoke exposure dispersion is unknown. 
 
Our study confirmed extant findings that the socioeconomic status gradient of ETS exposure is 
strong and identified no gradient attenuation when adjusting for housing type. We also found an 
elevated exposure among Asians compared with whites in adjusted models. This might be due to 
the fact that Asians metabolize nicotine more slowly than whites, however blacks are also slow 
nicotine metabolizers nicotine and did not exhibit similar elevated associations in this study.
40-44 
Previous analyses of these data attributed the Asian cotinine disparity to elevated cotinine among 
low-income Asians, with no gender differences in exposure noted, suggesting that smoking 
might be more persistent in Asian homes.
33




Asians were less likely than blacks to have had a smoke-free home policy (66.2% vs. 77.5%).
73
 
Moreover, other studies have shown frequent SHS exposure at home among Asians.
74
 However 
other research on home smoking bans found that Asians and Hispanics had significantly higher 
odds of having a smoke-free home policy than whites and blacks.
75,76
 This discrepancy may 
result from differences between Asians in NYC versus Asians nationally. We confirmed that no 
interactions between socio-demographics and housing type occurred. We also demonstrated that 
the two neighborhood factors examined in this study do not appear linked to elevated cotinine. 
 
There are a number of limitations pertaining to study design and measurement issues within both 
the NYC HANES and PLUTO data sets. The 2004 NYC HANES was a cross-sectional survey 
thus it is impossible to draw causal inferences. The sample size may be too small to show a 
significant association. NYC HANES cotinine levels were used to determine the non-smoking 
status of respondents, and light or non-daily smokers that had not smoked recently could have 
been misclassified as non-smokers.  In addition, no measure asking whether any smokers lived in 
the home was included in the survey, thus the influence of others smoking in one’s home could 
not be accounted for. Both of these things might have confounded the results. Furthermore, the 
measure of housing type in the PLUTO dataset was crude, mainly based on the number of units 
per building. This does not account for building structure or design, age, repair status, 
renovation, type of ventilation system, or level of maintenance. Also, the PLUTO data was at the 
tax lot level, requiring assumptions to be made when determining building level information, for 
example, a tax lot with 10 residential units and two buildings may not actually be two five-unit 




buildings. There may be other unknown and unaccounted for factors influencing the housing 
type and elevated cotinine relationship.  
 
3.4.1. Conclusion 
While the association between housing and cotinine is non-significant in adults, the multiunit 
housing concerns associated with ETS exposure are still valid, particularly for children.
66 
Additionally, cotinine levels remain elevated among non-smoker New Yorkers and the socio-
economic gradient persists, even when adjusting for race. Reducing ETS exposure among 































Table 3.1: Socio-Demographic Description of Residents by Four-Level Housing type, NYC 
HANES, 2004 
 Single-family home 2 units 3 to 99 units 100 or more units 
Socio-demographics % (95% CI) % (95% CI) % (95% CI) % (95% CI) 
Age     
20 to 39 9.2 (5.8, 14.3) 12.7 (9.5, 16.8) 67.9 (60.9, 74.2) 10.2 (6.0, 16.7) 
40 to 59 19.1 (12.6, 27.7) 19.0 (14.0, 25.3) 51.5 (42.6, 60.4) 10.4 (6.1, 17.3) 
60 and older 21.4 (14.7, 30.1) 18.8 (12.6, 27.0) 45.7 (35.5, 56.3) 14.1 (7.6, 24.9) 
Sex     
Male 16.7 (11.8, 23.1) 15.8 (11.8, 20.8) 56.8 (49.1, 64.1) 10.8 (6.6, 17.1) 
Female 14.5 (10.0, 20.5) 17.5 (13.2, 22.8) 56.8 (49.2, 64.0) 11.3 (7.0, 17.6) 
Race     
White 16.2 (10.7, 23.8) 15.9 (11.1, 22.4) 55.0 (45.7, 64.0) 12.8 (7.2, 21.8) 
Black 18.9 (10.2, 32.3) 15.9 (9.7, 25.1) 53.0 (40.1, 65.4) 12.2 (5.5, 24.9) 
Asian 16.1 (9.6, 25.6) 24.9 (15.9, 36.8) 49.4 (36.4, 62.4) 9.6 (3.7, 23.1) 
Hispanic 10.7 (6.4, 17.3) 13.0 (8.8, 18.8) 67.0 (57.6, 75.3) 9.3 (4.5, 18.2) 
Education     
<HS 8.1 (5.0, 13.1) 18.6 (13.2, 25.6) 64.5 (55.4, 72.7) 8.7 (4.5, 16.1) 
HS grad 17.8 (11.0, 27.5) 17.9 (12.2, 25.5) 58.3 (48.4, 67.6) 5.9 (2.7, 12.5) 
>HS 19.4 (13.9, 26.5) 14.8 (10.9, 19.6) 52.7 (44.8, 60.4) 13.1 (8.2, 20.5) 
3-level income     
<$20,000 5.4 (3.2, 8.9) 15.0 (10.5, 20.9) 70.8 (62.8, 77.7) 8.9 (4.8, 15.8) 
$20,000-$49,999 14.1 (9.5, 20.4) 16.0 (11.5, 21.7) 59.1 (50.7, 67.0) 10.8 (6.1, 18.4) 
>$50,000 26.0 (18.3, 35.7) 16.1 (11.7, 21.8) 44.4 (35.7, 53.4) 13.5 (7.9, 21.9) 
 
Table 3.2: Descriptive Table of Expanded Housing Type Overall and Bivariate Associations with 
Cotinine, NYC HANES 2004 (N=1,320) 
 Overall Elevated cotinine  
 N (%) N (%) p-value 
Elevated cotinine (1,320) 56.7 -- -- 
Expanded housing type    
Housing type (6-level)    
Single detached/attached 175 (15.7) 94 (55.2) Ref 
2 residential units 207 (16.4) 122 (57.3) 0.5421 
3 to 9 274 (18.0) 157 (53.9) 0.4776 
10 to 49 354 (24.3) 220 (61.3) 0.0428 
50 to 99 188 (14.4) 113 (58.3) 0.2955 
100 or more 121 (11.2) 70 (54.6) 0.6897 

























Table 3.3: Overall, Bivariate Associations, Unadjusted, and Adjusted Models Among Socio-
Demographics and the Variable of Interest on Elevated Cotinine Among Non-Smoking Adults, 
NYC HANES 2004 
 Overall Elevated cotinine Elevated cotinine 
unadjusted odds ratio 
Elevated cotinine 
adjusted odds ratio 
Socio-demographics N (%) N (%) OR (95% CI) OR (95% CI) 
Age     
20 to 39 651 (40.8) 419 (64.3) 1.00 1.00 
40 to 59 474 (34.6) 265 (55.4) 0.69 (0.53, 0.89) 0.72 (0.55, 0.96) 
60 and older 195 (24.6) 93 (45.9)  0.47 (0.33, 0.67) 0.41 (0.28, 0.62) 
Sex     
Male 533 (44.2) 358 (64.0) 1.00 1.00 
Female 787 (55.8) 419 (51.1) 0.60 (0.46, 0.78) 0.51 (0.39, 0.67) 
Race     
White 385 (38.6) 211 (54.4) 1.00 1.00 
Black 257 (22.2) 154 (57.2) 1.16 (0.82, 1.65) 1.04 (0.71, 1.52) 
Asian 170 (11.2) 128 (69.0) 2.37 (1.54, 3.64) 1.77 (1.12, 2.79) 
Hispanic 486 (27.9) 274 (54.9) 1.11 (0.82, 1.49) 0.77 (0.54, 1.10) 
Education     
<HS 372 (26.0)  244 (65.7) 1.00 1.00 
HS grad 200 (14.7) 108 (53.1) 0.65 (0.43, 0.97) 0.53 (0.34, 0.81) 
>HS 743 (50.3)  424 (54.3)  0.72 (0.53, 0.96) 0.66 (0.46, 0.95) 
3-level income     
<$20,000 427 (31.3) 270 (63.7) 1.00 1.00 
$20,000-$49,999 422 (32.1) 249 (56.0) 0.78 (0.57, 1.08) 0.78 (0.55, 1.09) 
>$50,000 420 (36.6) 229 (52.2) 0.70 (0.51, 0.95) 0.62 (0.43, 0.91) 
Main exposure      
Housing type     
Single detached/attached 175 (15.7) 94 (55.2) 1.00 1.00 
2 res units 207 (16.4) 122 (57.3) 1.17 (0.75, 1.84) 0.89 (0.55, 1.45) 
3 to 99 units 816 (56.7) 490 (57.9) 1.34 (0.93, 1.93) 0.98 (0.65, 1.47) 




Chapter 4: The Mediational Effect of Biologically-Measured Secondhand Smoke Exposure 
on Observed Associations Between Low Quality Housing and Poor Health Outcomes 
Among Non-Smoking New York City Adults, 2004 
  
4.1. Background  
This chapter examined two areas of focus. The first investigated the independent associations 
between cotinine level and physical and mental health status among adult non-smokers. The 
physical and mental health outcomes examined included: a) current asthma, b) cardiovascular 
outcomes (current blood pressure and ever-coronary heart disease), and c) current depression, 
hypothesizing that non-smoking adults with elevated cotinine would have higher odds of adverse 
physical and mental health outcomes compared with non-smoking adults with normal cotinine, 
controlling for important socio-demographic characteristics (sex, age, education, race/ethnicity, 
and income). The second focus of the chapter explored associations between low quality 
housing, as defined by multiunit housing, and poor physical and mental health status. Multiunit 
housing has previously been shown to have a higher concentration of low quality housing, and 
living in multiunit housing has been linked to adverse health conditions.
1-8 
The association 
between housing and secondhand smoke was explored in Chapter 3, and no significant adjusted 
association between housing and elevated cotinine existed, however our evidence suggested that 
there was a modest contribution of multiunit housing to elevated cotinine level that varied with 
building size. For this chapter, we hypothesized that, adjusting for income, non-smoking adults 
living in multiunit housing would have higher odds of adverse physical and mental health 
outcomes compared with non-smoking adults living in single family homes and that further 
adjustment for cotinine levels would potentially attenuate that association. (Figure 4.1) Due to 
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substantial methodological problems associated with this study, a detailed critique of the 
analyses has been performed using epidemiologic theory. 
 
Figure 4.1: DAG for the Chapter 4 Analysis 
 




                   Housing                               SHS exposure                     Health outcomes 
                                                      (Asthma, Blood Pressure, Coronary Heart Disease, Depression) 
 
4.2. Introduction  
The impetus for investigating associations between secondhand smoke (SHS) exposure and 
health outcomes, housing and health outcomes, as well as the potential mediational effect of SHS 
on the association between housing type and health outcomes evolved from extant literature 
review showing plausible evidence of possible causal associations.  
 
4.2.1. Secondhand Smoke and Health Outcomes 
A large body of literature has demonstrated that, among non-smokers, exposure to SHS, 
measured by cotinine levels or self-reported exposure, is likely to be causally associated with a 
range of poor health outcomes such as respiratory disease, cardiovascular disease and possibly 
also mental health outcomes.
9-23 
The biological pathways through which SHS may contribute to 
adverse health outcomes are numerous and include the respiratory, cardiovascular, metabolic, 
endocrine and immune systems.
24
 SHS consists of both particulate matter and gaseous 
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compounds that are toxic and carcinogenic; these function as direct irritants to tissues, starting 
points for immune response mechanisms, or stimulants of mutagenesis. Even brief exposures can 
initiate an adverse response.
24
 Respiratory and cardiovascular outcomes among both smokers and 
non-smokers worsen or improve with changes in the amount of SHS exposure in a dose-response 
manner.
9,11,15,17,25-28
 Consistent findings have been established among men, women and children, 
as well as across different racial/ethnic groups and income levels.
29-35 
SHS exposure has also 
been linked to a number of mental health outcomes, although the extent to which those 





4.2.2. Housing Quality and Health Outcomes 
Identified as a key social determinant of health, housing quality has been postulated to play a 
causal role in a range of potential health conditions including infectious disease, chronic disease, 
injuries, and mental health.
1
 Poor quality housing has been measured as poor social and physical 
infrastructure including crowding, disrepair, renting compared with owning, living in multiunit 
housing versus a single family home, as well as by low socioeconomic status.
1,8,42-44
 In terms of 
potential direct causal mechanisms, low quality housing environments may expose residents to a 
range of hazards such as unsafe or contaminated drinking water, pest infestations such as rodents 
and cockroaches, lack of appropriate waste disposal or food storage, overcrowding, dampness, 




Poor social infrastructures, such as threats to social networks and community values, or lack of 
local services and organizations or political support, that affect housing conditions have also 
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been linked to higher asthma prevalence among children.
2,45
 Other studies have examined the 
impact of poor physical infrastructures such as crowding and disrepair on health and identified a 
higher burden of both incidence and prevalence of poor mental health outcomes among children 
living in crowded homes or homes in need of repair.
3
 Associations have been found between 
living in multiunit housing and adverse mental health outcomes among adults and children 




In this body of literature, measures of poor housing quality are often imperfect, using renting 
versus owning status, or multiunit housing versus not multiunit housing as proxies for low 
housing quality. While these constructs may indeed capture some element of poor quality 
housing, they are also likely to be subject to measurement error and confounded by both current 
and lifetime socioeconomic status.  Researchers do not always make adequate attempts to tease 
out these constructs.
44
 For example, multiple studies have shown renting compared with owning 
has been associated with ear infections among children, and adverse respiratory and 
cardiovascular outcomes among adults.
6-8
 However only Diez-Roux et al. adjusted directly for 
socioeconomic status.  
 
4.2.3. Housing Quality and Secondhand Smoke Exposure 
A growing number of studies have linked different low quality housing environments and living 
arrangements with increased exposure to SHS.  Investigations have examined the differential risk 
of SHS exposure when living in rented versus owned housing or living in multiunit housing 
versus single-family homes, among non-smoking households.
8,42,46
 Strachan et al. found higher 
concentrations of salivary cotinine among children living in rented compared with owned 
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housing and Homa et al. found higher concentrations of serum cotinine among any non-smokers 
living in rented versus owned housing.
8,46
 Wilson et al. recently demonstrated that children living 
in multiunit housing with non-smoking parents had higher levels of serum cotinine than those 
living in single-family homes with non-smoking parents.
42
 Other research has confirmed and 
quantitatively measured the transfer of SHS from apartments with active smoking into 
apartments of non-smokers within the same buildings using nicotine monitors.
47-49
 While limited, 
this evidence suggests that housing type or context can affect secondhand cotinine levels among 
non-smokers.  
 
Multiunit housing may facilitate SHS transfer due to small apartment sizes, shared ventilation, 
and structural linkages that permit unintended air pathways between apartments.
43
 These 
problems might be exacerbated in poor quality multiunit housing, plausibly resulting in greater 
crowding, even greater levels of air exchanges, or higher concentrations of shared airspace. 
However it is not clear whether the associations between poor quality housing and secondhand 
smoke exposure are causal or rather due to confounding. If the associations are causal, the 
possible mechanisms or pathways are not well understood. 
 
4.2.4. Mediating Role of Secondhand Smoke 
While SHS and housing type have each been independently associated with adverse health 
outcomes, and poor housing conditions have been shown to affect SHS exposure levels, there has 
not been any study evaluating whether the association between housing status and adverse health 
outcomes is partially mediated by SHS exposure levels.  We hypothesized that any higher odds 
of adverse physical and mental health outcomes among non-smoking adults living in multiunit 
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housing compared with those living in single family homes might be due in part to greater 
average levels of exposure to SHS, as measured by cotinine.  However, no research had 
examined associations between housing, cotinine and health outcomes in these manners. 
 
4.3. Methods  
4.3.1. Data Sources 
The data came from the 2004 NYC Health and Nutrition Examination Survey (HANES) as well 
as the 2005 NYC Primary Land Use Tax lot Output (PLUTO) data set. NYC HANES was a 
cross-sectional survey of 1,999 New Yorkers ages 20 and older that was modeled on the National 
Health and Nutrition Examination Surveys.
50
 The survey consisted of a physical exam, clinical 
and laboratory tests, an in person interview, and a computer-assisted self-interview. There were 
1,767 New Yorkers who provided serum cotinine measurements. The study population for this 
analysis included all non-smokers, based on measured serum cotinine levels of less than 10.0 
ng/ml who also had valid NYC addresses (N=1,320). Serum cotinine has a higher accuracy and 




The 2005 PLUTO data set was a combination of land use and geographic data at the tax lot level 
(N=854,858). It provided information about the tax lot and the buildings occupying the lot and 
was used to define the housing types. 2005 PLUTO was used instead of 2004 PLUTO because 
the 2005 data set contained the Borough Block and Lot (BBL) variable needed to match PLUTO 
data with NYC HANES data, and attempts to create a BBL variable from the available 2004 
PLUTO information were unsuccessful. The PLUTO data was merged with the NYC HANES 
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address information to link the building information to the NYC HANES respondents. This tax 
lot and building information was used to determine the housing type of respondents.  
 
4.3.2. Measures 
The NYC HANES outcome variables included self-reported current asthma (responding yes to 
both questions: have you ever been told you had asthma, and do you currently have asthma); 
measured or self-reported current high blood pressure (defined as: average measured systolic 
blood pressure of ≥140 mm Hg, average measured diastolic blood pressure of ≥90 mm Hg, or 
self-reported current use of prescribed anti-hypertension medications); and measured current 
depression (Composite International Diagnostic Interview score was used to assess major 
depressive disorder).
53
 One longer-term outcome was included as a secondary analysis, ever 
coronary heart disease (self-reported).  Finally, a negative control outcome assessed for the 
impact of unmeasured confounding: ever arthritis (self-reported).  Arthritis was selected after 





Elevated cotinine was examined as a dichotomous variable (elevated cotinine, ≥0.05 ng/ml vs. 
normal cotinine, < 0.05 ng/ml). The serum cotinine samples were analyzed with an isotope 
dilution, liquid chromatography/tandem mass spectrometry method.
34
 The limits of detection for 
NYC HANES serum cotinine were 0.05 ng/ml and any measurements below that value were 
considered to have normal levels of exposure to cotinine and assigned a value of 0.035 ng/ml.
34
 
Demographics included gender (male, female), race/ethnicity (non-Hispanic white, non-Hispanic 
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black, non-Hispanic Asian, Hispanic), age (20-39, 40-59, 60 and older), education (<HS, HS 
grad, > HS), and income (< $20,000, $20,000-$49,999, and ≥ $50,000).  
 
As discussed in chapter 3, no standard definition for multiunit housing exists in the current 
scientific literature. Consistent with the NYC Housing and Vacancy Survey, we defined 
multiunit housing as three or more units.
55
 As in chapter 3, this study used a housing type 
variable with four levels to assess different densities of housing type (single-family detached or 
attached homes, two residential units, three to 99 residential units, and 100 or more residential 
units).  
 
4.3.3. Statistical Analyses 
We used descriptive bivariate statistics to examine associations between cotinine and the 
physical and mental health outcomes (asthma, blood pressure, coronary heart disease, 
depression, and arthritis) among non-smokers, followed by associations between housing type 
and the physical and mental health outcomes. Then, unadjusted and adjusted logistic regression 
models, controlling for socio-demographics, examined the associations between cotinine and 
each current health outcome, and the associations between housing and each current health 
outcome. Finally, unadjusted and adjusted logistic regression models of the associations between 
housing type and health outcomes, adjusting for elevated cotinine, were examined. 
 
To assess whether SHS exposure mediated the association between housing type and physical 
and mental health outcomes (asthma, blood pressure, depression, and arthritis) among non-
smokers, we used the causal mediation analysis framework with bootstrapping, a nonparametric 
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methodology to generate confidence intervals.
56-58 
Multiple methods of testing mediation exist, 
such as the Baron and Kenny method, the Sobel Test, the joint significance test, as well as the 
causal mediation analysis framework with bootstrapping, each with limitations.
56-63 
The Baron 
and Kenny method has historically been a commonly used mediation test, however it is only 
appropriate for linear outcomes in the context of no exposure and mediator interaction, has low 
power to detect associations, is prone to Type I error, and is unable to determine the direction or 
significance of the indirect effect.
60,64
 The Sobel Test is easy to execute in conjunction with 
Baron and Kenny, but requires large samples, does not properly account for the possibility of 
negative indirect effects in the mediation model that lead to non-significant associations, and also 
has limited power to detect the presence of mediation.
61-63
 The joint significance test is simple 
computationally and has more power than the Sobel Test, yet it does not directly test for 
mediation as it considers only the significance of the segments of the mediated path in the 
model.
62
 The causal mediation analysis with bootstrapping makes no assumptions about the 
distributions of the sampling or covariates, and it has the greatest power to detect mediation and 
directly tests the effects of exposure on mediator and mediator on outcome. It is, however, 
computationally intensive.
61,62
 When assessing for mediation, it is important to account or 
control for the potential sources of bias using the counterfactual approach to mediation.
57,58
 
These include assessing the possibility of confounding of the exposure-outcome relationship, 
confounding of the mediator-outcome relationship, confounding of the exposure-mediator 
relationship, and exposure-mediator interaction.
57,58
 We tested fully adjusted health outcome 
models for an interaction between housing type and cotinine level, and no models showed a 
significant interaction. Despite lacking interactions, all of the health outcomes models 
maintained the possibility of confounding with the socio-demographic variables, therefore the 
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causal mediation analysis with bootstrapping was necessary. Next we defined direct and indirect 
mediation effects using Valeri’s mediation macro for the counterfactual framework, which 
allowed for mediation analysis even with the presence of confounding or exposure-mediator 
interaction.
58
 A separate mediation macro was run for each health outcome, adjusting for all 
possible socio-demographic confounders, with bootstrapping using 350 samples.  
 
4.4. Results 
Mean and Prevalence of Cotinine among Non-smokers - The NYC non-smoker geometric mean 
for cotinine was 0.086 ng/ml (0.080, 0.093), and the prevalence of elevated cotinine among non-
smokers was 56.7% (53.6, 59,7). 
 
Effects of SHS on health outcomes - Analyses of associations between cotinine and health 
outcomes (Table 4.2) demonstrated that elevated cotinine was not statistically significantly 
associated with any health outcomes in adjusted analyses. Unadjusted analyses showed a 
protective association between elevated cotinine and high blood pressure that attenuated to a null 
association when adjusted for key socio-demographic factors. There was a statistically non-
significant protective effect between cotinine levels and both asthma and depression. The control 
health outcome, arthritis, demonstrated a significant protective association with elevated cotinine 
in unadjusted and adjusted analyses, although results attenuated with adjustment. 
 
Effects of housing on health outcomes - In Table 4.3 we observed a marginally statistically 
significant negative association between housing type and odds of current asthma (p=0.0638) 
when adjusting for socio-demographic factors, but no associations between housing type and 
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high blood pressure, depression, or arthritis. Specifically, the odds of current asthma among non-
smoking New Yorkers was twice as likely among residents of two units compared with single-
family homes and 28% more likely among residents of three to 99 units compared with single-
family homes, whereas the association with asthma diminished to become a non-significant 
protective effect among residents of buildings with 100 or more units compared with single-
family homes.  
 
Effects of the mediation analysis - While investigating the mediational effect of elevated cotinine 
on the relationships between housing type and poor health outcomes, we found that the 
associations in the mediated models (Table 4.4) did not differ from the associations in the 
unmediated models (Table 4.3). These results indicated that cotinine was not mediating the 
associations between housing and health outcomes. For example, when controlling for SHS, we 
observed a similar marginally significant negative association between number of units and 
likelihood of current asthma as in the earlier model without SHS (p=0.0585), and the mediated 
association maintained the same pattern by size of multiunit housing compared with single-
family homes. (Table 4.4) No other significant associations between housing and health 
outcomes were found when adjusting for cotinine, nor was cotinine independently significant in 
any adjusted models. There were some marginally significant unadjusted results for current 
asthma and high blood pressure with elevated cotinine compared with normal cotinine, however 
these results attenuated in the adjusted models. Additionally, Table 4.5 shows the results from 
Valeri’s mediation macro that tested for the direct and indirect effects of mediation. In the causal 
mediation analysis with bootstrapping for each health outcome, the controlled direct and the 
natural direct effect were the same, which is expected if there are no statistically significant 
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interactions. None of the models had a significant indirect effect of housing on any of the health 
outcomes through cotinine level either. In terms of the control outcome, New Yorkers with 
elevated cotinine had lower odds of arthritis than those with normal cotinine in adjusted 
analyses.   
 
In the preceding chapter, we found that housing type, specifically multiunit housing, was not 
significantly associated with elevated cotinine level in adjusted analyses. However unadjusted 
regression analyses demonstrated a non-significant positive dose-response association between 
increasing levels of housing units and elevated cotinine, as multiunit housing increased up to 99 
units per building, then the gradient attenuated after adjusting for socio-demographic factors.  
 
4.5. Study Critique 
Despite substantial prior evidence to support a causal link between cotinine levels and health 
outcomes in the literature, we did not find any associations in our analyses. The results of our 
analysis also did not support the hypothesis of a possible mediational effect of SHS exposure 
between housing type and health outcomes among non-smoking New Yorkers. The original 
expectation was that multiunit housing would be positively associated with elevated cotinine 
levels among non-smokers in NYC, and that SHS exposure would potentially be a partial 
mediator of housing and health outcome associations. However, this study had a number of 
significant limitations which are described here in detail. Findings from the prior chapter already 
indicated that there was no observed association between housing type and elevated cotinine. 
While testing mediation influences on a null association is a valid analytic endeavor, the null 
findings from Chapter 3, in combination with null findings on health outcomes observed in this 
74 
 
chapter that were inconsistent with expected directions, has led us to a detailed assessment of 
study limitations.
61-63
 The following section provides a detailed analysis of the issues with 
respect to study design, measurement, selection bias and confounding that hampered the quality 
of this analysis. 
 
4.5.1. Study Design 
The first broad concern was that NYC HANES was a cross-sectional survey of adults. There was 
no definitive means to establish temporal associations.
65
 Within the context of the cross-sectional 
study, implicit or explicit timeframes of different measures varied, thus limiting our capability to 
accurately assess for temporality or direction of the associations. For example, housing type 
designation was determined using current address at the time the survey was completed, which 
provided no indication of tenancy longevity, nor the cumulative health effects of exposure to that 
type of housing. Cotinine level measured via serum cotinine, provided information about recent 
SHS exposure only, as cotinine has approximately an 18-hour half-life and therefore detects 
cotinine exposures within the past few days to a week.
66
 The proximal measure of cotinine would 
not provide any information on cumulative history of exposure, preventing determination of the 
directionality of the association. Finally, the health outcomes were a mixture of long-term (ever 
coronary heart disease, and ever arthritis), and current (asthma, high blood pressure and 
depression) variables.  
 
The additional possibility of reverse causality, when the outcome actually causes the exposure, 
also cannot be ruled out.
67
 With the lack of information on housing longevity, the health 
outcomes, particularly the ever-outcomes, might have preceded the current housing type. For 
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example, someone with coronary heart disease, or even asthma or high blood pressure might 
move out of their walk-up multiunit building into a single-family home to reduce the challenge 
of climbing stairs. 
 
Including prevalent cases in the study when trying to make inferences about disease risk is a 
particular concern for cross-sectional studies, and incidence-prevalence bias was a possibility for 
all outcomes.
67-70 
Incidence-prevalence bias could have influenced the results as cross-sectional 
studies only represent prevalent health outcomes: having a health outcome for any length of time 
may have led to changes in behaviors related to the exposure; or those that survived a health 
outcome may have anomalous results that led to associations or lack thereof; both of which could 
result in protective associations when deleterious were expected. Therefore, with inconsistent 
timeframes across both exposure and outcome variables, it was difficult to establish temporality, 
as it would be impossible to causally attribute lifetime diagnoses to proximal measures of 
secondhand smoke exposure and housing type.  
 
Another concern was that the NYC HANES sample was limited to adults. If the NYC HANES 
could have examined the impact of cotinine on select child health outcomes and investigated 
mediation by SHS exposure among children, particularly for asthma, results may have been more 
likely to demonstrate an association. The literature on the impact of secondhand smoke exposure 
and asthma among children is more robust compared with adults.
9,10,71,72
   
 
Lastly, the small sample size of non-smoking adults New Yorkers (n=1,320) also led to overall 
concerns regarding precision and limited the reliability of results within each of the specific 
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health outcomes examined. As seen in Table 4.1, the sample sizes for the health outcomes were 
N=80 for asthma, N=25 for coronary heart disease, and N=74 for depression creating concerns 
about the validity of findings and limiting statistical power to examine associations or mediated 
effects. 
 
4.5.2. Measurement Misclassification 
Differential misclassification 
Differential misclassification occurs when misclassification of an exposure or other key variable 
is associated with the health outcome or vice versa.  This can lead to an under- or overestimate of 
association.  Recall bias is an example of differential misclassification, as recall by respondents 
may be more accurate in those with serious health outcomes or more recent diagnoses than in 
those without.
67,68
 In NYC HANES, the respiratory outcome and cardiovascular event outcomes 
were completely or partially self-reported.  While we have no known reason to believe that 
people with greater SHS exposure were more inclined to seek medical attention and therefore 
had a greater likelihood of receiving a diagnosis, this cannot be ruled out. Asthma diagnoses are 
perhaps most at risk for differential misclassification in this study, as a self-reported chronic 
disease, it might be overlooked if there were not recent incidences of an asthma attack, if the 
attack was mild, or if there were no recent exposures to SHS, resulting in an underestimation of 
the cotinine and asthma association because the outcome would be underreported differentially.  
 
Non-differential misclassification 
Non-differential misclassification generally leads to an underestimation of the true associations if 
misclassification is unlikely to be associated with the outcome, but it can be biased in either 
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direction in certain circumstances.
67
 Both elevated cotinine and housing type were prone to non-
differential misclassification. 
 
In NYC HANES, serum cotinine was assessed with an isotope dilution, liquid 
chromatography/tandem mass spectrometry method.
34
 The test for serum cotinine had a lower 
limit of 0.05 ng/ml. Cotinine levels below 0.05 ng/ml were considered normal, however this 
might have biased results as those near the cut off were not recorded or rounded up to the limit of 
detection, resulting in non-differential misclassification. The upper level cut off of serum 
cotinine for determining non-smoker status was 10.0 ng/ml, and bias in the determination was 
possible as light or non-daily smokers may have been included in the non-smoker sample 
because they smoked infrequently, also non-differential misclassification.  
 
The measure of housing quality utilized in the study was fairly crude, and mainly based on the 
number of units per building in the PLUTO data set. This did not account for building structure 
or design, age, repair status, renovation, type of ventilation system, or level of maintenance. No 
extant evidence provided guidance for housing type categorization, particularly in relation to the 
larger sized buildings, leading to non-differential misclassification.
55,73
 The previous chapter 
conducted exploratory analyses of the multiunit distribution to assess variability and the potential 
for a dose-response association across different size multiunit buildings. The 6-level variable 
included: single-family detached or attached home; buildings with two residential 
units/apartments; three to nine units; 10 to 49 units; 50 to 99 units; and 100 or more units. For the 
main analyses, a smaller number of categories were used as the main housing type variable 
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(single-family detached or attached homes, two residential units, three to ninety-nine residential 
units, and 100 or more residential units) to increase statistical power.  
 
4.5.3. Confounding 
Confounding occurs when a non-causal association between the exposure and the outcome is 
observed due to the influence of a third variable or group of variables, known as confounders. 
Most important was the potential for multiple occurrences of confounding between the exposure 
and the outcomes as well as between the mediator and both the exposure and the outcomes, 
respectively. (See DAG in Figure 4.1) In this study, there was potential for confounding to alter 
the magnitude and direction of the associations.  Indeed, this could potentially have explained 
why analyses showed an attenuation of some associations after adjustment.
67
 There were six key 
covariates of interest. One important but unmeasured potential confounder was whether the 
respondent lived with anyone who smoked in the home.  No measure to identify whether any 
smokers lived in the home was included in the survey, thus the influence of others smoking in 
one’s home could not be accounted for, possibly confounding the results. One possible 
confounding scenario was that non-smokers living with smokers were more likely to have higher 
cotinine levels, misclassifying them as smokers and resulting in their exclusion from the study, 
thereby underestimating the association between non-smoker cotinine level and adverse health 
outcomes. While examining the self-reported smoking status could be informative to identify 
non-smokers, this could also lead to more confounding as light or non-daily smokers may not 
classify themselves as smokers, thus further confounding the result. Another possible scenario 
was that because non-smokers living with smokers were more likely to have higher cotinine 
levels, then the elevated cotinine levels among non-smoking multiunit housing residents might 
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be due to the likelihood of living with a smoker rather than living in multiunit housing itself.  
Socioeconomic status was another critically important potential confounder, as it was shown in 
prior studies to be associated with housing type, cotinine exposure levels, and all health 
outcomes under consideration and may have distorted the associations between housing and 
health outcomes or even the associations with the mediator by modifying the strength and 
direction of the associations. For example, low socioeconomic status might be the reason 
someone lives in poor quality multiunit housing and has greater SHS exposure or a higher 
likelihood of asthma, thus confounding the association under assessment. To measure 
socioeconomic status in this study we used a three-level income variable as well as a three-level 
education variable. While not a large concern, income and education are commonly used to 
represent socioeconomic status, they may not represent the construct accurately, resulting in a 
potential for residual confounding. This residual confounding might have resulted in imperfect 
adjustment of the socioeconomic variables or complete unaccountability for variables that were 
excluded. 
 
4.5.4. Selection Bias 
Bias is a systematic error in the design or conduct of a study that results in findings that 
misrepresent the true associations between the exposure and the outcome. In this study, there was 
potential for non-response bias. Non-response bias is when respondents differ from non-
respondents to the survey in a way that meaningfully impacts the research question. Non-
response bias is a concern in most population-based studies, including this one. The 2004 NYC 
HANES had a household response rate of 84% and a participant response rate of 66% for an 
overall response rate of 55%.
50
 Response rates themselves do not necessarily result in non-
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response bias, rather biases resulting from non-response may vary across different variables.
74,75
 
Weighting the data for non-response, as was done with the NYC HANES 2004 data, helps to 
reduce any possible non-response bias, however it could still exist. For example, restricting the 
study to only respondents with measured serum cotinine might lead to some non-response bias if 
people who did not give blood had different cotinine levels than those who did; however we have 
no reason to hypothesize that cotinine exposure would be related to giving blood.
76
 Response 
rates have been declining over time, however high response rates are not always crucial for better 
data; they may not influence data quality since non-response often occurs randomly.
75,77-79
 
Therefore, while response rates are an important factor to be aware of and presented in 
publications, it is not the only factor that should be used to determine the quality of a study.
78
 It 
was possible that some segment of the population was under-represented in this survey, due to 
lack of participation, and if it were possible to survey the non-respondents, their responses might 
have differed from those of the respondents. With a response rate of 55% and possible non-
response, selection bias was a concern, however only a minor concern for this study. 
 
4.5.5. Proposal for an Improved Study Design 
In an ideal situation, the first study design modification would include collecting a larger sample 
of non-smokers, to increase the power of the analyses. A longitudinal study would be a 
substantial improvement, allowing the establishment of temporal sequence and the opportunity to 
determine causality.  Ideally, the longitudinal study would have a long follow-up period, to 
monitor incident cases of select health outcomes over time and to capture repeated measures of 
exposure to SHS over an extended time period. It is not possible to conduct a randomized 
controlled trial of secondhand smoke exposure due to the known adverse health effects, and 
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randomizing people to housing type is rarely plausible. The revised study would include 
measures of whether any other persons smoke in the home, whether by self-report or directly 
measured with nicotine monitors or PM2.5 monitoring. Additionally, monitoring could be done 
with PM2.5 monitors on smart phones, to simultaneously track movement and SHS exposure, to 
assess real-time exposure and associations. Ideally, all health outcomes would be measured or 
verified by a medical provider or chart review.  
 
Measuring exposure to thirdhand smoke (THS) would also be useful, as many of the THS-related 
carcinogenic compounds are nicotine based (e.g.: nicotine-related alkaloids, nicotine-ozone, and 
tobacco-specific nitrosamines) and not captured by cotinine levels.
80-83 
THS is as harmful to 
health as secondhand smoke, as it is the residual smoke and particles remaining in the air and on 
surfaces after smoking is finished and the tobacco product is extinguished, even months and 
years later. The THS particles can combine with other environmental compounds or settle on 
indoor surfaces, and then re-emit into the air at a later time.
80-87 
There are no existing standard for 
measuring THS, nor any standard method for assessing exposure to THS versus secondhand 
smoke and what adverse health outcomes are attributable to each separately. Most people lack 
awareness of THS exposure and measuring exposure would be necessary. Recent studies have 
shown that risks for THS exposure is affected by housing environments.
84
 Specifically, research 
has demonstrated that THS remains in housing environments, multiunit and otherwise, well after 
smokers have moved out and all apartments were cleaned and some were even repainted or had 
carpeting replaced.
84
 This research, coupled with other studies in multiunit housing showing the 
pervasiveness of environmental tobacco smoke suggest the need for simultaneously evaluating 
SHS and THS exposure and their associations with health outcomes.
47-49,88
 Collection of interim 
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biomeasures to demonstrate biological impact of environmental tobacco smoke (ETS) would 
provide the opportunity to track exposures. Some markers that could be considered include 
increases in vascular inflammatory markers such as white blood cells, C-reactive protein, 
inflammatory cytokines, homocystine and fibrinogen, as well as impaired endothelial function in 
the interior lining of blood and lymph vessels and increased platelet activation that leads to 
initiation and progression of atherosclerosis.
13,15,17,18,89,90 
These health effects often go unnoticed, 
yet could be useful in demonstrating ETS exposure. 
 
With this study design that aligns closer to the gold standard, it would be possible to examine the 



























Table 4.1: Variable Sample Sizes, 2004 NYC HANES 
Variable N (%) 
Cotinine  
Elevated 777 (57%) 
Normal 543 (43%) 
Age  
20 to 39 651 (40%) 
40 to 59 474 (37%) 
60 and older 195 (23%) 
Gender  
Male 533 (44%) 
Female 787 (56%) 
Race/Ethnicity  
White 385 (39%) 
Black 257 (22%) 
Asian 170 (11%) 
Hispanic 486 (28%) 
Education  
< HS 372 (26%) 
HS grad 200 (15%) 
More than a HS grad or higher 743 (59%) 
Income  
< $20,000 427 (31%) 
$20,000-$49,999 422 (32%) 
$50,000+ 420 (37%) 
Housing Type  
Single detached/attached 175 (16%) 
2 res units 207 (16%) 
3 to 99 816 (57%) 
100 or more units 121 (11%) 
Current Asthma  
Yes 80 (6%) 
No 1,228 (94%) 
High Blood Pressure  
Yes 250 (25%) 
No 1,070 (75%) 
Coronary Heart Disease  
Yes 24 (3%) 
No 1,283 (97%) 
Depression  
Yes 74 (5%) 
No 1,213 (95%) 
Arthritis  
Yes 215 (21%) 









Table 4.2: Unadjusted and Adjusted Logistic Regression Model of Cotinine Level on All Health 
Outcomes, NYC HANES 2004 




Depression model Arthritis model 
Unadjusted OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
Cotinine level     
Elevated 0.66 (0.40, 1.11) 0.72 (0.53, 0.98) 0.71 (0.43, 1.18) 0.52 (0.37, 0.72) 
Normal 1.00 1.00 1.00 1.00 
Adjusted*     
Cotinine level     
Elevated 0.69 (0.40, 1.18) 0.96 (0.65, 1.43) 0.73 (0.41, 1.30) 0.64 (0.44, 0.93) 
Normal 1.00 1.00 1.00 1.00 
Bold indicates p<0.05.  
*Adjusted for age, sex, race, education, and income. 
 
Table 4.3: Unadjusted and Adjusted Logistic Regression Model of Housing Type on All Health 
Outcomes, NYC HANES 2004 




Depression model Arthritis model 
Unadjusted OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
Housing type     
Single 
detached/attached 
1.00 1.00 1.00 1.00 
2 res units 2.10 (0.87, 5.03) 0.87 (0.52, 1.47) 0.50 (0.18, 1.39) 1.02 (0.58, 1.80) 
3 to 99 units 1.17 (0.56, 2.42) 0.66 (0.44, 0.99) 0.99 (0.48, 2.06) 0.74 (0.47, 1.19) 
100 or more units 0.38 (0.09, 1.57) 0.70 (0.38, 1.32) 1.53 (0.59, 4.00) 0.78 (0.39, 1.55) 
Adjusted*     
Housing type     
Single 
detached/attached 
1.00 1.00 1.00 1.00 
2 res units 2.13 (0.87, 5.18) 0.84 (0.41, 1.71) 0.56 (0.18, 1.73) 1.00 (0.52, 1.94) 
3 to 99 units 1.28 (0.57, 2.89) 0.98 (0.56, 1.73) 0.79 (0.32, 1.94) 1.03 (0.59, 1.78) 
100 or more units 0.36 (0.08, 1.50) 0.60 (0.27, 1.32) 1.44 (0.50, 4.13) 0.92 (0.43, 1.95) 
Bold indicates p<0.05.  


















Table 4.4: Unadjusted and Adjusted Logistic Regression Model of Housing Type on All Health 
Outcomes, Mediated by Cotinine, NYC HANES 2004 




Depression model Arthritis model 
Unadjusted OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
Housing type     
Single 
detached/attached 
1.00  1.00 1.00 1.00 
2 res units 2.14 (0.88, 5.17) 0.88 (0.53, 1.48) 0.51 (0.18, 1.41) 1.05 (0.59, 1.86) 
3 to 99 units 1.20 (0.57, 2.53) 0.67 (0.45, 1.01) 1.01 (0.49, 2.11) 0.78 (0.49, 1.24) 
100 or more units 0.38 (0.09, 1.59) 0.71 (0.38, 1.33) 1.55 (0.59, 4.05) 0.78 (0.39, 1.57) 
Cotinine     
Elevated 0.66 (0.39, 1.10) 0.73 (0.54, 1.00) 0.72 (0.43, 1.18) 0.52 (0.38, 0.73) 
Normal 1.00  1.00  1.00 1.00  
Adjusted     
Socio-demographics     
Age     
20 to 39 1.00 1.00 1.00 1.00 
40 to 59 0.99 (0.55, 1.78) 6.66 (4.01, 11.08) 0.72 (0.38, 1.37) 7.73 (4.51, 13.25) 
60 and older 1.15 (0.52, 2.55) 42.02 (23.78, 74.25) 0.33 (0.12, 0.93) 19.90 (11.00, 35.97) 
Sex     
Male 1.00 1.00 1.00 1.00 
Female 1.63 (0.90, 2.95) 0.95 (0.64, 1.41) 1.28 (0.71, 2.33) 1.48 (0.99, 2.21) 
Race     
White 1.00 1.00 1.00 1.00 
Black 1.51 (0.77, 2.98) 1.57 (0.93, 2.64) 1.24 (0.60, 2.59) 1.01 (0.59, 1.70) 
Asian 0.69 (0.18, 2.61) 1.01 (0.54, 1.90) 0.48 (0.15, 1.55) 0.33 (0.16, 0.69) 
Hispanic 0.80 (0.39, 1.64) 0.68 (0.39, 1.119) 1.22 (0.59, 2.52) 0.77 (0.45, 1.32) 
Education     
<HS 1.00 1.00 1.00 1.00 
HS grad 0.23 (0.09, 0.60) 0.96 (0.55, 1.70) 1.54 (0.65, 3.66) 0.57 (0.31, 1.07) 
>HS 0.57 (0.31, 1.05) 0.51 (0.31, 0.84) 1.93 (0.89, 4.17) 0.48 (0.29, 0.82) 
Income     
<$20,000 1.00 1.00 1.00 1.00 
$20,000-$49,999 2.54 (1.29, 5.00) 0.97 (0.62, 1.51) 0.84 (0.43, 1.63) 0.86 (0.52, 1.41) 
>$50,000 2.02 (0.93, 4.37) 0.67 (0.37, 1.19) 0.59 (0.29, 1.24) 0.84 (0.47, 1.48) 
Main exposure      
Housing type     
Single 
detached/attached 
1.00  1.00 1.00 1.00 
2 res units 2.13 (0.87, 5.22) 0.84 (0.41, 1.70) 0.57 (0.18, 1.73) 0.98 (0.51, 1.89) 
3 to 99 units 1.28 (0.57, 2.91) 0.98 (0.56, 1.73) 0.79 (0.32, 1.95) 1.02 (0.59, 1.76) 
100 or more units 0.34 (0.08, 1.46) 0.60 (0.27, 1.32) 1.42 (0.50, 4.05) 0.90 (0.42, 1.91) 
Mediator     
Cotinine     
Elevated 0.66 (0.39, 1.14) 0.96 (0.65, 1.42) 0.74 (0.42, 1.32) 0.64 (0.43, 0.93) 
Normal  1.00 1.00 1.00 1.00  







Table 4.5: Causal Mediation Analysis for Direct and Indirect Effects Using Valeri’s Mediation 
Macro 
Asthma mediation 
Observed Effect Estimate Standard Error 95% CIs 
Cde 0.80 0.20 (0.47, 1.23) 
Nde 0.80 0.20 (0.47, 1.23) 
Nie 1.00 0.01 (0.97, 1.02) 
Marginal total effect 0.80 0.20 (0.47, 1.23) 
High blood pressure mediation 
Observed Effect Estimate Standard Error 95% CIs 
Cde 1.04 0.20 (0.69, 1.51) 
Nde 1.04 0.20 (0.69, 1.51) 
Nie 1.00 0.01 (0.98, 1.01) 
Marginal total effect 1.04 0.20 (0.69, 1.51) 
Depression mediation 
Observed Effect Estimate Standard Error 95% CIs 
Cde 1.11 0.33 (0.63, 1.85) 
Nde 1.11 0.33 (0.63, 1.85) 
Nie 1.00 0.01 (0.97, 1.03) 
Marginal total effect 1.11 0.33 (0.61, 1.86) 
Arthritis mediation 
Observed Effect Estimate Standard Error 95% CIs 
Cde 0.92 0.16 (0.66, 1.26) 
Nde 0.92 0.16 (0.66, 1.26) 
Nie 1.00 0.01 (0.97, 1.03) 




















Chapter 5: Discussion 
5.1. Overview of the Dissertation 
This series of cross-sectional studies examined the effects of housing and the environment on 
both smoking and secondhand smoke exposure to elucidate environmental predictors of smoking 
and ETS exposure in a densely populated urban environment. Ecological and multilevel analyses 
were used to explore neighborhood predictors of smoking behavior and neighborhood smoking 
prevalence, including assessments to examine whether housing environments influenced these 
relationships. We also performed a detailed analysis of the influence of housing type on 
secondhand smoke exposure among non-smokers, using both logistic regression and multilevel 
analyses. Finally, we examined the association between secondhand smoke exposure and health 
outcomes, and then assessed the possibility of secondhand smoke exposure mediating 
associations between housing type and health. In the following section, the main findings and 
interpretations pertaining to this body of analyses are summarized. 
 
5.2. Summary of the Findings 
5.2.1. Chapter 2 Overview 
The aim of Chapter 2 was to examine whether neighborhood factors such as tobacco retailer 
density and poverty affected smoking prevalence, and whether living in multiunit housing or 
public housing modified the observed associations. Overall, the NYC adult smoking prevalence 
for 2011-2013 was 15.4%. Across the same neighborhoods, the number of tobacco retailers 




Ecological analyses found that neighborhood poverty positively and significantly modified the 
tobacco retailer density and neighborhood smoking prevalence association, so that the 
associations between tobacco retailers and smoking increased positively in medium and high 
poverty neighborhoods, when controlling for population density, socio-demographics, and 
housing environments. Local spatial relationships and spatial non-stationarity were accounted for 
using Geographic Weighted Regression, however model fit was not significantly improved 
compared with ecological Ordinary Least Squares models. The multilevel analyses found that 
neighborhood poverty was positively associated with individual smoking prevalence, when 
adjusting for population density, socio-demographics, and housing environments. No retailer-
smoking associations were modified by housing environments, multiunit or NYCHA housing. 
 
The fact that no association between tobacco retailer density and smoking in NYC was found 
contrasts with previous findings in other jurisdictions, and suggests that retailer proximity in 
urban settings may not have the same influence on smoking behavior or patterns.
1-4
 However the 
association between tobacco retailer density and smoking was modified by neighborhood 
poverty in ecological analyses, indicating that the combination of these environmental 
neighborhood-level effects were positively associated with neighborhood smoking. The 
multilevel association between neighborhood poverty and individual smoking contrasted with a 
previous NYC study, indicating that the neighborhood smoking environment in NYC shifted 
over time.
5
 Additionally, controlling for housing environments had no effect on retailer- or 
poverty-smoking associations, possibly indicating that the spatial distribution of multiunit and 
NYCHA housing were not a pertinent factor in the Community District-level analyses. 
Limitations to these analyses related to using CDs included that neighborhood definitions may 
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not align with use by the residents, as well, they were large geographic areas that may not have 
provided sufficient spatial variation for assessing spatial differences. Finally, it is possible that 
analyses at more refined levels of neighborhoods such as zip codes or census tracts could yield 
different results. 
 
5.2.2. Chapter 3 Overview 
The aim of Chapter 3 was to assess whether housing type was related to non-smokers having 
elevated levels of secondhand smoke exposure. In 2004, a survey found that about 57% of non-
smoking adult New Yorkers had elevated levels of secondhand smoke exposure, as measured by 
serum cotinine. Linking the survey data with administrative data about building type, we found 
that 68% of non-smoking New Yorkers lived in multiunit housing with three or more units. In 
unadjusted analyses, residents of single-family homes were less likely to have elevated cotinine 
level than moderate-sized multiunit housing residents, but this observed association was no 
longer statistically significant once we adjusted for socio-demographics including age, sex, 
race/ethnicity, education, and income. 
 
The lack of association between multiunit housing and secondhand smoke in adjusted models 
was surprising since previous research demonstrated a strong association between multiunit 
housing and secondhand smoke among children, with 45% higher levels of secondhand smoke 
exposure among those living in multiunit housing with non-smokers compared with children 
living in single-family homes with non-smokers.
6
 Unadjusted analyses did demonstrate that 
multiunit housing contributed to SHS exposure based on building size. The small sample may 
have played a role in the lack of association in adjusted analyses. Also, it might be that adults 
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5.2.3. Chapter 4 Overview 
The aim of Chapter 4 expanded on the analyses in Chapter 3 to explore the relationships between 
secondhand smoke exposure and health outcomes, and whether secondhand smoke exposure 
mediated the association between housing type and health outcomes. The prevalence of adverse 
health outcomes among non-smoking NYC adults was low for current asthma (6%) and 
depression (5%), and fairly high for high blood pressure (25%). When the association between 
secondhand smoke exposure and each health outcome was examined in adjusted analyses, all 
associations between elevated cotinine and health outcomes were non-significant; the 
associations with current asthma and depression were protective. When housing type was 
regressed on each health outcome in adjusted analyses, all associations between housing type and 
health outcomes were non-significant; the association with current asthma was negative and 
marginally statistically significant, decreasing as the number of housing units increased. Testing 
for mediation of the housing and health outcome by secondhand smoke exposure resulted in 
similar negative associations between housing type and odds of asthma and non-significant 
natural indirect effects of cotinine mediation. 
 
Following the non-significant associations between housing type and elevated cotinine in the 
previous chapter, the lack of significant associations between cotinine and health outcomes was 
not completely unexpected, although prior review of the literature supported causal relationships 
between cotinine and health outcomes.
7,14-27 
Additionally, there were no meditational effects of 
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secondhand smoke exposure between housing type and health outcomes. While many factors 
may have contributed to these null findings, modifications to future studies may provide a study 
design better suited for establishing relationships. Some study modifications may include 
collecting a larger sample, conducting a longitudinal study, and utilizing a self-reported or 
directly monitored measure of smoking in the home. 
 
5.3. Limitations 
These studies had many common limitations. All the studies used observational data, which may 
have resulted in unmeasured or uncontrolled variables biasing observed associations. For 
example, due to the increased density of tobacco retailers in business neighborhoods and 
transportation hubs, analyses of relationships with housing may be confounded. Although, 
tobacco retailer exposure can happen anywhere, not just near the home. Future analyses should 
include land use as a potential covariate in the analyses, as this might be a factor associated with 
smoking prevalence in areas with extremely high population density. Additionally, all studies 
used cross-sectional data, with no means to establish temporal associations. Therefore we can 
only report on associations as opposed to causal inferences. Some data was also self-reported, 
with the potential risk of recall bias which could lead to differential misclassification. 
 
In the Chapter 2 spatial and multilevel analyses, using large aggregated geographic areas such as 
Community Districts as a proxy for NYC neighborhoods may have caused measurement error by 
misclassifying resident use and may not have provided sufficient spatial or statistical variation to 
compare exposures geographically. However, CDs were considered a proxy for neighborhoods 





Another example of measurement error came from the PLUTO data, as the 
determination housing type was crude and based on the number of units per building, making 
assumptions about distributions of units within multiple buildings on the same tax lots and not 
accounting for building structures, design, age, or level of maintenance and could have resulted 
in non-differential misclassification. There may have been reverse causality with regards to the 
tobacco retailers and housing associations, as more people encourage increased store density 
while simultaneously increased store density encourages more people. The ecological analyses 
may have been subjected to ecologic fallacy, as individual assumptions were made from 
aggregate level data. GWR models posed a challenge regarding assessment of model 
significance, as there were no confidence intervals or statistical test that can be used. MLMs may 
have lacked sufficient explanatory variables.  
 
In Chapters 3 and 4, the sample size of non-smoking adult New Yorkers was small; only 1,320 
respondents, leading to concerns about precision of estimates and reliability of results. Non-
differential misclassification was also a possibility with relation to the cotinine variable cutoffs 
for non-smokers, as low cotinine levels near the cutoff may not have been recorded or rounded 
up, also upper level cutoffs may have included light and non-daily smokers due to infrequent 
smoking. No measure to identify smokers living in the home was asked on the survey, possibly 
confounding the results. Non-response bias was also a minor concern in this population study, 







In Chapter 4, the possibility of reverse causality was a concern as the various health outcomes 
may have preceded housing type, as housing longevity was not available. There were also 
multiple opportunities for confounding between both the exposure and the outcomes as well as 
between the mediator and both the exposure and the outcomes. Finally, residual confounding 
may also have resulted in imperfect adjustment of socioeconomic variables or lack of 
accountability for excluded variables. 
 
5.4. Strengths and Public Health Significance 
These studies had certain notable strengths. First, we were able to examine multiple 
environmental factors at both the neighborhood and individual level including neighborhood 
tobacco retailer density and housing environments and their associations with neighborhood and 
individual smoking prevalence, and individual housing type and the associations with individual 
secondhand smoke exposure as well as associations with various individual health outcomes. All 
of these uniquely contributed to the literature on such associations in a densely populated urban 
environment. A variety of analytic techniques were used in these studies including GWR, MLM, 
along with traditional OLS and logistic regression. 
 
In Chapter 2, we conducted the first analyses of tobacco retailer density and neighborhood 
poverty on both neighborhood and individual level smoking among NYC adults. This was also 
the first study assessing tobacco retail density and poverty on smoking that utilized GWR, yet we 
found use of GWR did not alter findings and may not be useful at this level of neighborhood 
aggregation. Additionally, we complimented the ecological findings with multilevel analyses, 
updating a previous study that assessed neighborhood poverty and smoking associations and 
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expanding the analysis to include tobacco retailer density as well.
5
 Finally, we included two 
different types of housing environments in both the ecological and multilevel analyses, to assess 
for possible moderation of effects due to multiunit or NYCHA housing environments. These 
analyses were important to update previous research on environmental influences on smoking 
prevalence in NYC as well as to further investigate environmental effects on the tobacco use 
environment. 
 
The analyses in Chapter 3 examined associations between housing type and secondhand smoke 
exposure among non-smoking adults, which has only been previously conducted among children 
of non-smokers nationally.
6
 Additionally we assessed for possible moderation between housing 
type and socio-demographics, and for possible multilevel influences.  This study also used a 
biological measure of secondhand smoke exposure. It was important to replicate analyses 
conducted among children to see if the same patterns exist among adult non-smokers. 
 
Chapter 4 was the first assessment of associations between secondhand smoke exposure and 
health outcomes among adult non-smokers. Mediation of the housing type and health outcomes 
associations by secondhand smoke exposure was also assessed. However results were 
biologically unlikely and a detailed methodological critique was conducted. It was important to 
not only assess associations between the environment and behaviors but to also examine 
associations between the environment and health outcomes. 
 
5.5. Policy Recommendations 
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Results from these studies demonstrated that the smoking triggers and secondhand smoke 
exposures in urban environments such as NYC are distinct, and do not always align with 
previous work in other jurisdictions, suggesting that it is important to examine environmental 
exposures across jurisdictions to understand risk factors at both neighborhood and individual 
levels. Tobacco retailer density was associated with neighborhood-level smoking prevalence 
within low income neighborhoods. A policy that reduces or limits tobacco retailers per 
neighborhood, such as the one passed in 2014 in San Francisco to reduce the density of retailers 
by 50%, may have differentially beneficial impacts in lower income neighborhoods.
35
 To better 
inform these types of policies in the tobacco retail environment, more granular neighborhood 
research at the zip code or census tract level is necessary, as explanatory factors may change 
with the different geographic distribution. 
 
Results from the study examining the association between housing type and secondhand smoke 
exposure was non-significant, yet observed estimates were positive and imprecision due small 
sample sizes may be masking small but true effects. It is challenging to make policy 
recommendations based on insufficient evidence, although no level of exposure to SHS is safe, 
and smoke-free housing policies are a clear way to reduce exposure to SHS among non-smokers 
living in multiunit housing. The high density of multiunit housing in NYC might require more 
exploratory analyses to determine the best definition of a housing-related predictor of tobacco-
related behaviors and exposures.  
 
5.6. Future Research Directions 
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The impact of smoking behavior and the unintended exposure of SHS on health outcomes have 
separate causal pathways, yet they are inexorably linked by when and where smoking occurs, 
and by the environmental exposures which both support smoking and allow SHS exposure. One 
future research activity should include cross-sectional longitudinal analyses with NYC HANES 
and PLUTO data, as this may shed light on housing and cotinine relationships. There may also 
be additional sources of data from other jurisdictions that may allow for detailed investigation 
into multiunit housing size and associations with SHS exposure. Ideally, a longitudinal study 
tracking both smokers and non-smokers, whom live in the same buildings, using self-reported 
smoking and secondhand smoke exposure, as well as  environmental and bio-monitoring , would 
be one way to simultaneously assess both smoking and SHS exposure and incorporate shared 
neighborhood and environmental exposures.
36-39
 Such a longitudinal study would allow for 
establishment of temporal sequence, as well as an opportunity to look at the specific exposure of 
both smoking and SHS in multiunit housing simultaneously. Self-reported smoking and/or 
exposure to SHS would be confirmed with data from the various monitoring devices on 
smartphones, and in homes, building common areas, and local environment monitors when 
possible.
36-39
 Nicotine monitors have been used to measure SHS exposure in the home, compared 
with self-reported exposure, and have been found to be comparable, while similar monitoring has 
been conducted in outdoor dining areas.
37,39
 Personal exposure monitoring has been successfully 
validated in both rural and urban environments with a variety of devices that additionally track 
movements using GPS.
38
 Participants would need to live in the study buildings and consent to 
having a monitoring device on their phones and in their homes. The longitudinal nature of the 
study would provide the opportunity to examine multiple health effects resulting from the same 
multiunit housing exposure. Follow-up should span a minimum of six months to initially 
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examine intermediate cardiovascular outcomes such as changes in blood levels of vascular 
inflammatory markers and increases in platelet activation, and could then continue for five to ten 
years to examine longer term outcomes such as coronary heart disease and other cardiovascular 
outcomes, and asthma and other respiratory outcomes, as these health outcomes may take a 
longer time frame to develop, while intermediate cardiovascular outcomes occur almost 
immediately.
7,16-18,20,22-24,40-45
 The longitudinal design reduces the chance for bias among the 
comparison group due to the fact that the outcome has not occurred at baseline, although 
differential loss to follow-up is possible. It would be important to carefully follow as many 
participants over time as possible to prevent bias resulting from differential loss to follow-up due 
to exposure or outcome status. One population that may be easier to track in NYC are public 
housing residents, as the majority of the housing in NYC is multiunit, careful records are kept, 
and many residents have extended tenancy, with some living within NYCHA for more than 20 
years. Internal validity would be improved by ensuring a higher likelihood of high participant 
retention, similar socioeconomic status of the populations, and detailed information about the 
physical structures of the buildings, and with good internal validity, the possibility of external 
validity and generalizability are increased. Additionally, it would be even more interesting to 
start the study among children to additionally assess exposure over the lifetime, however the 
tracking of children over a lifetime would be a challenging and costly task. 
 
In conclusion, it is important to identify whether housing and neighborhood-level factors are 
determinants of smoke behavior or exposure. This study suggests that while many associations 
remain unexplained at this point, by continuing to investigate the associations between 
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environmental factors such as tobacco retailer density or housing type and tobacco-related use or 

























Appendix A: Demographic Comparison of NYC HANES Sample Included and Excluded From 
the Study Population, NYC HANES 2004 







 % (95% CI) % (95% CI)  
Age    
20-39 40.8 (36.7, 45.0) 48.0 (42.8, 53.3) 0.0318 
60 and older 24.6 (21.0, 28.7) 11.7 (8.4, 16.0) <.0001 
Sex    
   Males 44.2 (41.6, 46.9) 52.5 (46.9, 58.0) 0.0203 
   Females 55.8 (53.1, 58.4) 47.5 (42.0, 53.1)  
Race/ethnicity    
   Hispanic 27.9 (23.4, 32.8) 21.0 (16.5, 26.3) 0.0214 
Education    
High school grad 14.7 (12.3, 17.5) 21.5 (16.8, 27.2) 0.0198 
>High school grad 59.3 (54.5, 63.9) 48.5 (42.3, 54.9) 0.0122 
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Appendix B: Multivariable Logistic Regression Modeling Housing Type on Elevated Cotinine 
Stratified by Race/Ethnicity, Adjusting for Socio-Demographics Among Non-Smoking Adults,  
NYC HANES, 2004  
 White Black Asian Hispanic 
 Elevated cotinine Elevated cotinine Elevated cotinine Elevated cotinine 
Socio-demographics OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
Age     
20 to 39 1.00 1.00 1.00 1.00 
40 to 59 0.82 (0.49, 1.39) 0.51 (0.27, 0.97) 0.79 (0.29, 2.16) 0.76 (0.49, 1.18) 
60 and older 0.37 (0.19, 0.73) 0.40 (0.18, 0.91) 0.04 (0.01, 0.16) 0.62 (0.31, 1.23) 
Sex     
Male 1.00 1.00 1.00 1.00 
Female 0.50 (0.31, 0.80) 0.46 (0.24, 0.87) 0.49 (0.21, 1.16) 0.48 (0.31, 0.75) 
Education     
<HS 1.00 1.00 1.00 1.00 
HS grad 0.05 (0.01, 0.29) 0.76 (0.32, 1.81) 0.50 (0.14, 1.81) 0.68 (0.38, 1.21) 
>HS 0.07 (0.01, 0.42) 0.89 (0.43, 1.81) 0.82 (0.27, 2.49) 0.94 (0.59, 1.51) 
Income     
<$20,000 1.00 1.00 1.00 1.00 
$20,000-$49,999 0.61 (0.28, 1.32) 1.36 (0.65, 2.84) 0.29 (0.09, 0.95) 0.78 (0.49, 1.25) 
>$50,000 0.48 (0.23, 1.00) 1.32 (0.57, 3.04) 0.10 (0.03, 0.35) 0.75 (0.41, 1.40) 
Main exposure     
Housing type     
Single detached/attached 1.00 1.00 1.00 1.00 
2 units 0.77 (0.34, 1.73) 0.64 (0.23, 1.80) 1.29 (0.32, 5.20) 1.25 (0.52, 2.99) 
3 to 99 units 0.99 (0.50, 1.95) 1.00 (0.41, 2.44) 1.89 (0.57, 6.33) 0.79 (0.37, 1.69) 
100 or more units 0.95 (0.39, 2.31) 0.38 (0.11, 1.29) 3.20 (0.53, 19.38) 0.68 (0.21, 2.18) 
Bold indicates p<0.05. 
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Appendix C: Multilevel Models of Housing Type and Elevated Cotinine by Zip Code Among 
Non-Smoking NYC Adults Adjusting for Socio-Demographics as Well as Zip Code Population 
Density and Smoking Prevalence 
 Model 1  
(L1* housing and socio-
demogs) 
Model 2  
(All L1* and L2** zip 
code smoking prev) 
Model 3  
(All L1* and L2** zip 
code popl density) 
Model 4  
(All L1* and All L2**) 
Socio-demographics OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 
Age     
20 to 39 Ref Ref Ref Ref 
40 to 59 0.72 (0.52, 0.99) 0.72 (0.53, 1.00) 0.71 (0.52, 0.98) 0.71 (0.52, 0.98) 
60 and older 0.46 (0.31, 0.68) 0.46 (0.31, 0.69) 0.46 (0.31, 0.69) 0.46 (0.31, 0.69) 
Sex     
Male Ref Ref Ref Ref 
Female 0.49 (0.36, 0.66) 0.49 (0.36, 0.67) 0.49 (0.36, 0.67) 0.49 (0.36, 0.67) 
Race     
White Ref Ref Ref Ref 
Black 1.11 (0.71, 1.75) 1.11 (0.70, 1.75) 1.10 (0.69, 1.75) 1.10 (0.68, 1.77) 
Asian 2.07 (1.37, 3.15) 2.12 (1.39, 3.21) 2.03 (1.34, 3.10) 2.07 (1.35, 3.17) 
Hispanic 0.79 (0.52, 1.21) 0.79 (0.52, 1.22) 0.77 (0.51, 1.18) 0.77 (0.50, 1.19) 
Education     
<HS Ref Ref Ref Ref 
HS grad 0.53 (0.35, 0.81) 0.53 (0.35, 0.81) 0.54 (0.35, 0.82) 0.54 (0.35, 0.83) 
>HS 0.66 (0.47, 0.92) 0.66 (0.47, 0.93) 0.66 (0.46, 0.95) 0.67 (0.46, 0.97) 
Income     
<$20,000 Ref Ref Ref Ref 
$20,000-$49,999 0.87 (0.61, 1.25) 0.89 (0.62, 1.28) 0.88 (0.62, 1.26) 0.90 (0.63, 1.29) 
>$50,000 0.68 (0.49, 0.94) 0.70 (0.50, 0.98) 0.70 (0.50, 0.97) 0.72 (0.51, 1.00) 
Main exposure     
Housing type     
Single 
detached/attached 
Ref Ref Ref Ref 
2 units 1.03 (0.67, 1.59) 1.03 (0.67, 1.58) 1.03 (0.67, 1.59) 1.03 (0.67, 1.58) 
3 to 99 units 1.03 (0.69, 1.55) 1.03 (0.69, 1.54) 1.01 (0.67, 1.53) 1.00 (0.67, 1.51) 
100 or more units 1.00 (0.54, 1.85) 0.99 (0.53, 1.84) 0.99 (0.51, 1.90) 0.98 (0.51, 1.88) 
Level 2 (zip code vars)     
% Smoking     
Low - Ref - Ref 
Medium - 1.21 (0.91, 1.61) - 1.21 (0.91, 1.62) 
High - 1.05 (0.56, 1.96) - 1.07 (0.57, 2.01) 
Population density     
Low - - Ref Ref 
Medium - - 1.10 (0.79, 1.55) 1.11 (0.80, 1.55) 
High - - 0.83 (0.11, 6.53) 0.85 (0.11, 6.74) 
Bold indicates p<0.05.  
*L1= Individual-level exposure (housing type) and socio-demographic variables (age, sex, race, education, and income) variables 












Appendix D: Comparison of Taylor Series Linearization and Multilevel Model Variance of 
Housing Type and Elevated Cotinine by Zip Code Among Non-Smoking NYC Adults Adjusting 
for Socio-Demographics as Well as Zip Code Population Density and Smoking Prevalence 
 Model 1  
(L1* housing and socio-
demogs) 
Model 2  
(All L1* and L2** zip 
code smoking prev) 
Model 3  
(All L1* and L2** zip 
code popl density) 
Model 4  
(All L1* and All L2**) 
 Β (SE) Β (SE) Β (SE) Β (SE); 
Socio-demographics TSL MLM MLM MLM MLM 
Age      
20 to 39 Ref Ref Ref Ref Ref 




-0.33 (0.16) -0.34 (0.13) -0.34 (0.16) 




-0.77 (0.20) -0.78 (0.19) -0.77 (0.20) 
Sex      





-0.71 (0.16) -0.71 (0.13) -0.71 (0.16) 
Race      
White Ref Ref Ref Ref Ref 
Black 0.04 (0.20) 0.10 (0.23) 0.10 (0.23) 0.10 (0.18) 0.09 (0.24) 





-0.23 (0.22) -0.26 (0.17) -0.26 (0.22) 
Education      
<HS Ref Ref Ref Ref Ref 









-0.41 (0.17) -0.41 (0.17) -0.40 (0.19) 
Income      










-0.36 (0.17) -0.36 (0.18) -0.33 (0.17) 
Main exposure     
Housing type      
Single 
detached/attached 
Ref Ref Ref Ref Ref 
2 units -0.12 
(0.25) 
0.03 (0.22) 0.03 (0.22) 0.03 (0.23) 0.03 (0.22) 
3 to 99 units -0.02 
(0.21) 
0.03 (0.21) 0.03 (0.21) 0.01 (0.20) 0.00 (0.21) 




-0.01 (0.32) -0.01 (0.27) -0.02 (0.33) 
Level 2 (zip code vars)     
% Smoking      
Low - - Ref - Ref 
Medium - - 0.19 (0.15) - 0.19 (0.15) 
High - - 0.05 (0.32) - 0.06 (0.32) 
Population density      
Low - - - Ref Ref 
Medium - - - 0.10 (0.14) 0.11 (0.17) 
High - - - -0.18 (1.04) -0.16 (1.04) 
Bold indicates p<0.05. *L1= Individual-level exposure (housing type) and socio-demographic variables (age, sex, race, education, and income) 
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